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Abstract 

 

Various phenomenological delamination initiation criteria are analyzed in quasi-static 

punch-shear tests conducted on six different geometries. These six geometries are 

modeled and analyzed using elastic, large-deformation finite element analysis.  

Analysis output is post-processed to assess different delamination initiation criteria, 

and their applicability to each of the geometries. These criteria are compared to test 

results to assess whether or not they are appropriate based on what occurred in 

testing.  Further, examinations of CT scans and ultrasonic images of test specimens 

are conducted in the appendix to determine the sequence of failure in each test 

geometry. 
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NOMENCLATURE 
 

CFRP carbon-fiber reinforced polymer  

ILR interlaminar region 

N number of layers of laminate 

PST punch-shear test 

QS quasi-static 

S-BST short-beam shear test 

SNL Sandia National Laboratories 

SPR span-to-punch ratio 
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1.  INTRODUCTION 
 

Carbon-fiber reinforced polymers (CFRP) are the material of choice in applications where 

structural integrity and component weight are important considerations.  Compared to more 

traditional metal alloys, CFRPs offers similar strength and stiffness in a relatively lightweight 

package.  However, while traditional metal alloys are generally treated as isotropic materials in 

analysis, carbon-fiber composites (and composite materials in general) are highly anisotropic, 

precluding such a treatment.  Further complicating matters, there are a number of different ways 

composite materials can fail, requiring a variety of failure initiation criteria to be tracked as an 

analysis progresses.  These failure initiation criteria can include fiber tensile, compressive, shear, 

and crush modes and delamination.  While this document is limited to the understanding of 

delamination failure, extensive literature exists on describing and characterizing alternative 

modes of failure in composite materials (see References [7, 11-14], for example). 

 

Understanding and accurately modeling the initiation of delamination failure in composite 

materials is critically important to ensuring the safety of composite components. Delamination 

causes a drastic reduction in in-plane compressive strength and shear modulus in composite 

materials.  Further complicating the issue, delamination is difficult to detect in service, since 

delaminated composites generally have no change in exterior appearance.  Therefore, accurate 

prediction of delamination analytically can speed inspection of components and lead to improved 

design of composite components. 

 

A number of failure criteria exist for predicting initiation of delamination failure.  Most criteria 

are based on quadratic interlaminar stresses.  Specifically, out-of-plane tensile/compressive stress 

and shear stresses with an out-of-plane component.  An early quadratic delamination failure 

criteria was developed in 1988 by Brewer and Lagace [1], based on a non-local stress criteria 

suggested by Kim and Soni [2].  This criteria tracks out-of-plane stresses individually, then takes 

the Euclidean norm of each component.  This delamination failure criteria was improved by Yen 

and Caiazzo [3] in 2001.  Their model accounts for increased shear strength when the 

interlaminar region experienced out-of-plane compression – an effect observed in experiments 

[4].  More recently, additional parameters have been proposed to the Yen and Caiazzo model by 

Xiao and Gillespie [5], which allow for improved fitting of test data as crush strength is 

approached. 

 

To test prospective failure criteria, a number of different tests have been performed on composite 

materials.  Hollow cylindrical specimens were used by deTeresa et al. [4] to characterize 

combined compressive plus shear response in interlaminar regions.  Short-beam shear tests (S-

BST) are another popular method of characterizing interlaminar failure resistance [6].  Xiao et al. 

used quasi-static (QS) punch-shear testing (PST) to characterize delamination, as well as a 

variety of other failure criteria, in Reference [7].  Similar to the S-BST, this geometry produces 

combined compression plus shear stress in interlaminar regions.  However, unlike the S-BST, 

delamination is not accelerated by edge effects.  For these reasons, QS PST is a favorable 

geometry to determine a delamination initiation criteria absent of edge effects and taking into 

account combined compression and shear loading. 

 



10 

In this document, finite element analyses to model a series of QS PSTs conducted at Sandia 

National Laboratories (SNL) are described.  These analyses are compared to test results to 

determine an appropriate delamination initiation criteria.  
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2.  TESTING 
 

In order to test the validity of different delamination initiation criteria, quasi-static (QS) punch-

shear tests (PST) of carbon-fiber composites are conducted.  To understand failure modes present 

in different test specimens, high-resolution ultrasonic and CT imaging is performed.  More in-

depth information regarding these tests can be found in [15]. 

 

2.1 Material 
 

The carbon-fiber reinforced polymer (CFRP) used in these tests is composed of eight-hardness 

satin (8HS) 3K AS4 fiber and UF3362 resin.  The test fixture is machined from 6061 aluminum, 

the bolts are stainless steel, and the indenter is hardened steel.  These items are illustrated 

schematically in Figure 1.  

 

2.2. Test procedure 
 

Renderings and pictures of the experimental apparatuses are shown in Figure 1. 

 

  
SPR8 CAD Model SPR8 Manufactured Fixture 

  
SPR2 CAD Model SPR2 Manufactured Fixture 

 
Figure 1.  Schematic of experimental setup. 
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As each test progresses, the indenter is slowly moved down at constant rate through the CFRP.  

The movement of the indenter places compressive stress and shear stress in the out-of-plane 

direction of the CFRP.  The rate of movement is sufficiently slow such that rate effects are 

negligible.  For the duration of the test, the total displacement of the indenter, as well as the force 

on the indenter, are measured and recorded.  While some tests are run until complete failure of 

the test specimen, the majority of tests are halted before complete failure occurs.  In these tests, 

the specimens are unloaded and the force and displacement upon unloading are recorded.  Since 

delamination does not result in complete failure of the material, the tests that are not run to 

complete failure provide useful information in developing delamination initiation criteria. 

 

The tests are run on six different geometries, which are listed in Table 1.  In these geometries, 

the span/punch ratio (SPR) varies from 2 to 8, and the number of layers of laminate (N) varies 

from 6 to 24.  Four to eight specimens are tested for each geometry.  The quantities of test 

specimens for each geometry are listed in Table 1. 

 
Table 1.  Test specimen geometry. 

Span/punch ratio (SPR) Layers of laminate (N) # of test specimens 

2 6 5 

2 12 5 

2 24 5 

8 6 4 

8 12 5 

8 24 8 

 

2.3. Results 
 

The force/displacement curves for each of the test specimens in the six test geometries are 

displayed in Figures 2 through 7.  While the curves vary slightly from specimen to specimen, for 

the most part they share a general shape.  With the exception of the SPR = 8, N = 6 geometry, all 

tests begin with a linear force/displacement relationship, until a proportional limit is reached.  At 

this point, a loss of flexural stiffness is observed, resulting in a 20 to 40 percent loss in load.  

From here, the stiffness rebounds and increases non-linearly to a peak load much higher than the 

load observed in the proportional limit (slightly more than double the loading in all cases except 

for the SPR = 8, N = 6 case).  Following this, the load dramatically decreases, and the test 

specimen is considered to be completely failed.  For specimens not loaded to complete failure, a 

smooth, non-linear force/displacement curve is observed on unloading in all specimens loaded 

past the proportional limit.  For test specimens not loaded past the proportional limit, unloading 

generally occurs elastically. 

 

The SPR = 8, N = 6 case is unique among the geometries tested.  In this geometry, flexural 

stiffness increases with increasing displacement.  No region of linear force/displacement 

behavior is observed.  At about 5 kN of load, an extremely small region of stiffness loss is 

observed in all test results.  This region is barely visible in Figure 5, but confirmed to exist by 

examining load/displacement tables generated during testing.  At an indenter displacement of 

roughly 6.25 mm, the load dramatically decreases and the test specimen is considered completely 
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failed.  Elastic damage, plastic deformation, and frictional forces cause the unload path to deviate 

from the load path in the force/displacement curve. 

 

 
 

Figure 2.  Force/displacement curves for SPR = 2, N = 6 test specimens. 
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Figure 3.  Force/displacement curves for SPR = 2, N = 12 test specimens. 

 

 
 

Figure 4.  Force/displacement curves for SPR = 2, N = 24 test specimens. 
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Figure 5.  Force/displacement curves for SPR = 8, N = 6 test specimens. 

 
 

Figure 6.  Force/displacement curves for SPR = 8, N = 12 test specimens. 
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Figure 7.  Force/displacement curves for SPR = 8, N = 24 test specimens. 

 

To determine the causes behind the various critical points in the force/displacement curves, non-

destructive evaluations of each test specimen were conducted.  These evaluations included CT 

scans and ultrasonic imaging.  Based on these evaluations, a general sequence of failure is 

compiled in each of the test specimen geometries.  This failure sequence is described in Section 

2.4 below.  More detail on the CT scans and ultrasonic imaging can be found in Appendix A. 

 

2.4. Discussion 
 

In this section, possible sequences of failure, based on test results and evaluations in Appendix 

A, are postulated and discussed.  First, the failure sequence in the SPR = 8, N = 6 test geometry 

(which had a unique force/displacement curve) is discussed.  Then the failure sequence in the 

remaining test geometries is described.  Finally, the exact failure mode that occurs at the 

proportional limit of loading is posited. 

 

2.4.1. Failure in SPR = 8, N = 6 test specimens 
 

A typical force/displacement curve is pictured in Figure 8 for the SPR = 8, N = 6 geometry.  This 

was the only test specimen geometry to have a completely unique force/displacement curve.  A 

large SPR combined with a thin test specimen resulted in relatively high in-plane tensile stresses 

and relatively low out-of-plane shear stresses, resulting in a different sequence of failure.  Two 

key points in this curve are identified in Figure 8.  At these points, the following occurs in the 

test specimen: 
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 Point A – Initial indentation, cracking, and delamination form in the immediate vicinity of the indenter.  

This damage only affects the first couple of layers of the laminate. The remainder of the test specimen 

remains intact. 

 Point B – Damage progresses to the bottom layers of laminate in the test specimen.  Punch through failure 

occurs, and load carrying capacity is severely diminished.  Even at point B, delamination is limited to 

regions immediately in the vicinity of damaged regions of laminate. 

 

 
 

Figure 8.  Typical force/displacement curve shape in SPR = 8, N = 6 geometry. 

 

While delamination does not have a large effect on the load-carrying capacity of test specimens 

in this geometry, a delamination initiation criteria should be met in regions in the immediate 

vicinity of the indenter.  Were a delamination propagation criteria implemented, it should not 

result in large-scale delamination in this geometry. 

 

2.4.2. Failure in remaining test specimens 
 

A typical force/displacement diagram is shown in Figure 9 for all test specimen geometries other 

than SPR = 8, N = 6.  On this figure, the three critical points in the curve are labeled A, B, and C.  

At each of these points in the curve, the following is happening to the test specimen: 

 
 Point A – Initiation of delamination failure in the test specimen and out-of-plane crush failure in 

fiber/matrix regions surrounding the indenter.  From test results alone, it’s unclear whether delamination or 

crush failure occurs first, or whether both occur at the same time.  Based on imaging of the test specimens, 

large-scale delamination generally initiates in interlaminar regions about half way to two-thirds of the way 

through the thickness of the CFRP.  Delamination also occurs in interlaminar regions immediately adjacent 

to regions that have undergone crush failure. 

 Point B – Continuation of delamination failure.  In SPR = 2 specimens, delamination is complete once the 

constant stiffness region between point B and point C is reached.  In SPR = 8 specimens, delamination 

continues roughly until point C is reached. 
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 Point C – Stiffness reduces as point C is approached in the SPR = 2 specimens.  This reduction in stiffness 

is caused by the indenter progressing further through the sample.  Matrix and fiber failure progress in the 

out-of-plane direction as point C is reached and passed.  In comparison, the region of stiffness reduction is 

much smaller in the SPR = 8 specimens, indicating failure here occurs more suddenly.  Eventually, a sharp 

drop in load carrying capacity after point C signifies the point when the indenter has punched through all 

layers of lamina.  Residual load carrying capacity is due to friction.  

 

 
 

Figure 9.  Typical force/displacement curve shape in non-SPR = 8, N = 6 geometries. 

 

2.4.3. Failure mode at proportional limit 
 

All test specimens loaded past point A in Figure 9 exhibit both matrix (and some possible fiber) 

crushing near the indenter radius (due to out-of-plane forces from the indenter) and delamination 

both around the indenter and in interlaminar regions near the center of the test specimen.  Since 

no test specimen contained only one of these modes of failure, the hypothesized mode of failure 

is a combination of both failure modes.  Specifically, out-of-plane failure is presumed to occur 

first; however, when this out-of-plane failure occurs, additional shear and tensile forces are 

incurred in the interlaminar regions, causing immediate delamination both around the indenter 

and in regions of high shear at the center of the test specimen.  As evidenced by the SPR = 8, N 

= 6 specimen, out-of-plane punching failure from the indenter without delamination does not 

cause considerable loss in load carrying capacity of the test specimen.  Further, in the SPR = 2, N 

= 24 specimen, some damage is indicated in ultrasonic imaging before point A in Figure 9 is 

reached.  Since no out-of-plane crushing is demonstrated in CT scans, this demonstrates that 

local delamination near the indenter radius alone does not cause a loss in proportionality of the 

load/displacement curve.  Therefore, large-scale delamination near the center of the test 

specimen caused by out-of-plane failure is most likely the specific cause for loss of 

proportionality in the load/displacement curve. 
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Assuming this hypothesis to be true, the most accurate method of analyzing delamination failure 

criteria would be to first accurately model out-of-plane fiber/matrix crush damage, followed by 

delamination.  This type of analysis will be handled in a future document.  In this document, 

finite element analysis will be conducted assuming delamination is the first failure mode in the 

CFRP, similar to the procedure of Reference [7].  Conducting the analysis in this fashion greatly 

simplifies the analysis procedure, since only linear elastic finite element analysis is needed.  

Furthermore, this type of analysis allows for different delamination initiation criteria to be 

rapidly evaluated, and a relatively accurate criterion to be developed before more complicated 

modeling is pursued.  The analysis procedure is described in the section that follows. 
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3.  ANALYSIS 
 

Finite element analysis was conducted on the six test specimen geometries.  The analysis 

procedure and results are presented herein.  The section concludes with comparison of various 

delamination failure criteria, and their ability to match test results. 

 

3.1. Model information 
 

Linear elastic, large deformation finite element models were run in Sierra/SolidMechanics 

(Sierra/SM) version 4.36, the Lagrangian, three-dimensional, implicit code developed at SNL 

[8].  Linear elastic finite element models are sufficient for developing delamination initiation 

criteria since it is the first failure mechanism to cause non-linear behavior in geometries with 

delamination present.  Model geometry was developed in CUBIT 14.1, a software toolkit for 

generation of finite element meshes developed at SNL. 

 

3.1.1. Geometry 
 

The testing apparatus and material anisotropy required a quarter-symmetry three-dimensional 

finite element model to properly capture all anticipated effects in the test.  While a two-

dimensional axisymmetric model would suffice to model the test setup, the orthotropic CFRP 

required a fully three-dimensional model to properly tabulate state variables in the model. 

 

The CUBIT-developed quarter-symmetry geometry for the SPR = 2, N = 6 model is shown in 

Figure 10.  The indenter (punch) is designed to slowly descend into the CFRP as the model is 

run.  Fixtures on the top and bottom of the test setup hold the CFRP in place as the indenter 

moves.  While the actual tests have much larger fixtures and bolts to hold to CFRP in place, 

including these in the finite element model had minimal effect on the analysis.  Measurements of 

each of the critical dimensions of each geometry are listed in Table 2. 

 
Table 2.  Specific test specimen dimensions. 

Model Laminate 

thickness (mm) 

Indenter 
radius (mm) 

Indenter fillet 
radius (mm) 

Fixture inner 
radius (mm) 

SPR = 2, N = 6 2.12 6.35 0.25 12.70 

SPR = 2, N = 12 4.21 6.35 0.25 12.70 

SPR = 2, N = 24 8.50 6.35 0.25 12.70 

SPR = 8, N = 6 2.13 6.35 0.25 50.80 

SPR = 8, N = 12 4.25 6.35 0.25 50.80 

SPR = 8, N = 24 8.50 6.35 0.25 50.80 
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Figure 10.  Example CUBIT specified geometry. 

 

3.1.2. Material properties 
 

Four different materials are used in the finite element model corresponding to these different 

regions: 

 
 Indenter – hardened steel (isotropic), 

 Fixture – 6061 aluminum
1
 (isotropic), 

 Carbon-fiber reinforced polymer – 8HS 3K AS4 fiber with UF3362 resin (orthotropic), 

 Interlaminar region – UF3362 resin (isotropic). 

 

The material properties for the isotropic materials are listed in Table 3.  For the orthotropic 

CFRP, material properties are listed in Table 4. 

 
Table 3.  Isotropic material properties. 

Material Young’s modulus 
(E) (MPa) 

Poisson’s 
ratio (ν) 

Density 
(tonnes/ mm3) 

Hardened steel 200,000 0.24 7.80 × 10
-9

 

6061 aluminum 68,900 0.33 2.70 × 10
-9

 

UF3362 resin 3,450 0.35 1.85 × 10
-9 

 

 

 

 

 

 

 

                                                 
1
 Fixture is erroneously modeled as hardened steel in the finite element analyses conducted herein.  However, this is 

verified to have minimal impact on results presented in this document. 

Indenter
(punch)

Fixture (top)

Fixture (bottom)

CFRP (6 - 24 layers)
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Table 4.  Orthotropic CFRP material properties. 

E11 (MPa) 63,900 

E22 (MPa) 62,700 

E33 (MPa) 8,585 

G12 (MPa) 3,463 

G13 (MPa) 3,265 

G23 (MPa) 3,250 

ν12 0.048 

ν13 0.4075 

ν23 0.4080 

Density (tonnes/mm
3
) 1.52 × 10

-9
 

 

3.1.3. Boundary conditions and loading 
 

Boundary conditions in the finite element model are illustrated in Figure 11.  The top and bottom 

fixtures are fixed in the y-direction (the out-of-plane direction), an x-symmetry boundary 

condition is placed on the x = 0 plane, and a z-symmetry boundary condition is placed on the z = 

0 plane. 

 

Rather than loading the indenter directly, load is induced by applying a displacement to the top 

of the indenter.  This displacement varies from model to model, depending on the total 

displacement exhibited on the force/displacement curve before the proportional limit is reached 

in testing.  Finite element models are conducted with indenter displacements ranging from 0.5 

mm in the SPR = 2 models to 2 mm in the SPR = 8, N = 12 model.  While delamination is not a 

major factor in the force/displacement response of the SPR = 8, N = 6 model, an elastic model is 

run on this configuration to a total indenter displacement of 8 mm. 

 

In all models, the total displacement is subdivided into 100 time steps to track the 

force/displacement response as displacement increased.  Field variables and history variables are 

tracked and recorded at each time step.  To analyze the stress and strain state of the model at 

initiation of delamination failure, the average applied force at delamination initiation is 

calculated for each model geometry based on test results.  Then, state variables are linearly 

interpolated at this force and each failure criterion is calculated using these interpolated values.  

Table 5 lists the applied force at delamination initiation for each model geometry. 

 
Table 5.  Applied force to CFRP at delamination initiation. 

Model Force (N) Standard Deviation (N) 

SPR = 2, N = 6 3,819 254 

SPR = 2, N = 12 8,362 204 

SPR = 2, N = 24 19,878 197 

SPR = 8, N = 6 4,995* 3* 

SPR = 8, N = 12 7,847 177 

SPR = 8, N = 24 18,000 221 
 

*Force to point A in Figure 8 (initial punch-through of indenter and delamination adjacent to regions of punch-

through failure). 
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Figure 11.  Boundary conditions in the finite element model.  

 

Interactions between the indenter, the CFRP, and the fixture are modeled using contact.  In 

general, master surfaces are selected on the fixture and the indenter, while slave surfaces are 

created on the composite.  Friction between surfaces is enabled, with a coefficient of friction of 

0.3 in all contact relationships.  Additionally, frictionless general contact is enabled to limit 

interpenetration in interlaminar localization elements (these elements are described in the 

following section).  

 

3.1.4. Element type 
 

With the exception of interlaminar regions, all elements are eight node hexahedral elements with 

reduced integration.  In the interlaminar region, localization elements [9] are used.  These 

elements are similar to cohesive zone elements in that they both are initially zero volume and 

have length scale defined through an additional field variable.  However, localization elements 

provide fully populated stress and strain tensors and a complete constitutive relationship.  In 

contrast, cohesive zone elements only require a traction-separation relationship in the element.  

In all analyses, an interlaminar thickness of 0.0127 mm is presumed [10].  To test the effect of 

interlaminar thickness, models with a presumed interlaminar thickness of 0.127 mm are also 

analyzed.  These models demonstrate lower overall stiffness compared to test results. 

 

3.1.5 Constitutive model 
 

A Kirchhoff material is assumed for the lamina.  This is considered an appropriate choice for 

large deformation, small strain materials, which is how the CFRP specimens are expected to 

deform.  This constitutive relationship is of the form 

 

𝑺 = 𝑪: 𝑬 

Z-symmetry X-symmetry

Y-fixed

Y-fixed

Y-displacement
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where 𝑺 is the 2
nd

 Piola-Kirchhoff stress and 𝑬 is the Green-Lagrange strain.  𝑪 is a 4
th

 order 

tensor of material constants, which are defined similarly to the small deformation, linear elastic 

4
th

 order tensor of elastic moduli. 

 

While the constitutive model is based on 𝑺 and 𝑬, delamination initiation criteria are measured in 

terms of the unrotated Cauchy stress (�̂� = 𝑹𝑇𝝈𝑹) and the unrotated log strain (�̂� = ln √𝑭𝑻𝑭).  

These quantities can be transformed via the following relationships: 

 

𝑺 = 𝐽𝑼−1�̂�𝑼−𝑇          and          𝑬 =
𝟏

𝟐
((𝑒�̂�)

2
− 𝑰) 

 

where 𝑭 is the deformation gradient, 𝐽 is the determinant of the deformation gradient, and 𝑼 is 

the right stretch tensor.  Since small strains are assumed in these analyses, the difference between 

stress and strain measures used in this document versus the standard Kirchhoff material measures 

are anticipated to be minimal. 

 

3.1.6. Mesh refinement 
 

Discretization errors are quantified through mesh refinement studies on the SPR = 2, N = 6 

model.  Three different levels of mesh refinement are tested, and interlaminar out-of-plane 

stresses from various points in the model, as well as maximum/minimum interlaminar out-of-

plane (y-direction) stresses in each of the three models, are listed in Table 6.  Since the models 

are elastic, the models are compared after exactly 50% of the total indenter displacement has 

been applied (0.25 mm).  Meshes of the CFRP material are illustrated for all three mesh 

refinements in Figure 12. 

 
Table 6.  Mesh refinement study on interlaminar regions of SPR = 2, N = 6 geometry. 

Location Least refinement 
(MPa) 

Medium refinement 
(MPa) 

Most refinement 
(MPa) 

σyy, max (@ bottom layer) 13.583 13.450
 

13.361
 

σyy, min (@ top layer, 

under indenter) 

-10.631 -11.586
 

-11.639
 

σyy, top layer just outside 

indenter 

-5.444 -6.198
 

-6.417
 

σyy, top layer, center -0.346 -0.377 -0.407 

σyy, bottom layer, just 

outside indenter 

12.955 12.867 12.888 
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Figure 12.  Three levels of CFRP mesh refinement tested.  

 

Figure 13 illustrates relative discretization error versus relative mesh size.  Relative mesh size is 

measured as the relative length of the sides of one of the elements.  For example, a value of unity 

represents the “Most refinement” mesh, while a value of two would indicate an element with 

twice the length on each dimension (“Medium refinement”), and an overall volume eight times 

larger.   The rate of mesh convergence for a uniform mesh refinement factor 𝑟 and metrics for 

each mesh refinement 𝑓, is given as 

 

𝑝 =
𝑙𝑛 (

𝑓3 − 𝑓1

𝑓2 − 𝑓1
)

𝑙𝑛(𝑟)
. 

 

Then the percent relative discretization error (RDE) is estimated by  

 

%𝑅𝐷𝐸 =
𝑓𝑘 − 𝑓𝑒𝑥𝑎𝑐𝑡

𝑓𝑒𝑥𝑎𝑐𝑡
× 100%, 

 

where the exact value is estimated from Richardson’s extrapolation as  

 

𝑓𝑒𝑥𝑎𝑐𝑡 ≈ 𝑓1 +
𝑓1 − 𝑓2

𝑟𝑝 − 1
. 

 

In the measurement of out-of-plane stress at the bottom of the composite specimen, a consistent 

trend is not observed with increasing mesh refinement.  Since all three measurements of stress 

varied 0.6% at most, stresses measured here are considered to be mesh insensitive and the error 

is small. 

  

While the “Least refinement” mesh is able to capture some of the stress values relatively 

accurately, the “Medium refinement” mesh is needed to capture more accurate stresses in the 

vicinity of the indenter – where the stress gradient is the highest.  Additional refinement in the 

(a) (b) (c)
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“Most refinement” mesh demonstrates relative accuracy (and adequacy) of the “Medium 

refinement” mesh.  Stress values in the highly refined mesh are nearly identical to the mesh with 

medium refinement, even in the regions under the indenter.  Figure 13 demonstrates these trends 

more quantitatively.  In Figure 13, a maximum RDE of 16% is observed in the points sampled on 

the medium refinement mesh.  However, this point (the top of the composite sample, under the 

punch) has relatively small stresses leading to small changes in stress giving large discretization 

errors.  Furthermore, even the “Most refinement” mesh demonstrated 7% RDE in stresses 

measured at this point.  In all other points sampled, RDE is under 5% for both the medium and 

most refined meshes. 

 

 
 

Figure 13.  Stress convergence with mesh refinement.  

 

3.2. Results 
 

From the finite element analysis results, indenter force/displacement curves are created and 

compared to test results in Figure 14 through Figure 19.  In the SPR = 2, N = 12 and SPR = 2, N 

= 24 models, the FEA results match test results very well.  FEA of the remaining test geometries 

match somewhat well, but FEA exhibited stiffness up to 17 percent higher than stiffness from 

test results.  Test specimens that did not match FEA were generally model geometries which 

contained relatively high in-plane tensile stresses.  To better match test results, the in-plane 

stiffness of the lamina or the stiffness of the interlaminar region could be modified, or the contact 

relationship could be modified to reduce friction between the clamp and the CFRP specimen.  

However, since no specific information as to which parameter should be modified is available, 

none of these parameters were changed in this report. 
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In the SPR = 2, N = 6 geometry, stiffness “ramps” up before a constant rate of stiffness is 

obtained at a displacement of approximately 0.04 mm.  This is caused by a preload applied to the 

test specimen.  Had no preload been applied, the stiffness would have been linear at the initiation 

of the test.  However, the observed linear force/displacement relationship after ramp up has 

completed is the same regardless of whether or not a preload is applied.  To eliminate the effect 

of the preload in the analysis, the proportional limit of the geometry is selected based on applied 

load, rather than displacement. 

 

The FEA model of the SPR = 8, N = 24 geometry is very large, and the analysis could not be 

completed to the desired indenter displacement.  Therefore, the results that are available will be 

linearly extrapolated to the desired location on the force/displacement curve.  Stresses and strains 

will be extrapolated similarly.  Based on the nearly constant stiffness in the force/displacement 

curve both in test results and the analysis results that are available, minimal error is expected 

from this approximation.  Specifically, the model is run to 6776 N of load on the indenter and an 

indenter displacement of 0.31 mm. 

 

 

 
 

Figure 14.  Force/displacement curve in FEA and test results for SPR = 2, N = 6 geometry. 
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Figure 15.  Force/displacement curve in FEA and test results for SPR = 2, N = 12 
geometry.  

 

 
 

Figure 16.  Force/displacement curve in FEA and test results for SPR = 2, N = 24 
geometry.  
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Figure 17.  Force/displacement curve in FEA and test results for SPR = 8, N = 6 geometry.  

 

 
 

Figure 18.  Force/displacement curve in FEA and test results for SPR = 8, N = 12 
geometry.  
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Figure 19.  Force/displacement curve in FEA and test results for SPR = 8, N = 24 
geometry.  

 

3.3. Failure criteria analysis 
 

In this section, various failure criteria are analyzed for suitability in predicting initiation of 

delamination in each of the test geometries.  All test geometries except for the SPR = 8, N = 6 

case, are analyzed at the proportional limit of loading (the load where delamination is believed to 

begin).  The SPR = 8, N = 6 geometry is analyzed at point A in Figure 8, which is the point 

where delamination is first presumed to appear.  As mentioned previously, results from the SPR 

= 8, N = 24 geometry is linearly extrapolated to the stress and strain at the proportional limit of 

loading.  As a reminder of this, the SPR = 8, N = 6 geometry is marked with a star (*) and the 

SPR = 8, N = 24 geometry is marked with a double star (**) in the figures below. 

 

Localization elements provide full stress and strain tensors; however, due to general contact to 

limit element interpenetration, these tensors underestimate out-of-plane stresses and strains.  As a 

result, in-plane stresses and out-of-plane strains are calculated from in-plane strain and out-of-

plane stress values, which are assumed to be more accurate.  Accurate out-of-plane stresses can 

be calculated as the sum of contact stresses in the normal direction (𝑇𝑛) and out-of-plane stress 

from the stress tensor (𝜎𝑦𝑦).  In plane, strains are assumed to follow from the deformation of the 

lamina, and are therefore presumed to be more accurate than stresses, which are influenced by 

Poisson effects on the constraint induced by the lamina.  From these three quantities, out of plane 

strain and in-plane stress are calculated to be: 

 

𝜀𝑦𝑦 =
(𝜎𝑦𝑦 − 𝜆𝜀𝑥𝑥 − 𝜆𝜀𝑧𝑧)

𝐸 + 2𝜆𝜈
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𝜎𝑥𝑥 =
𝐸

(1 + 𝜈)(1 − 2𝜈)
((1 − 𝜈)𝜀𝑥𝑥 + 𝜈𝜀𝑦𝑦 + 𝜈𝜀𝑧𝑧) 

 

𝜎𝑧𝑧 =
𝐸

(1 + 𝜈)(1 − 2𝜈)
(𝜈𝜀𝑥𝑥 + 𝜈𝜀𝑦𝑦 + (1 − 𝜈)𝜀𝑧𝑧) 

 

where 

 

𝜆 =
𝜈𝐸

(1+𝜈)(1−2𝜈)
          and          𝜎𝑦𝑦 = 𝜎𝑦𝑦 + 𝑇𝑛. 

 

In the following failure criteria, stresses and strains are calculated using these formulas. 

 

While localization elements are used here (which provide full stress and strain tensors), 

ultimately, cohesive zone elements are planned to be used to model interlaminar regions.  With 

cohesive zone elements, only a traction/separation relationship is defined.  Therefore, failure 

criteria which do not require full stress/strain tensors will be preferred. 

 

3.3.1. von Mises stress criterion 
 

While a single stress parameter has been deemed insufficient in characterizing initiation of 

delamination [1], the von Mises stress criterion provides insight into the state of stress at the 

proportional limit of loading. 

 

von Mises stress is calculated as:  

 

𝜎𝑉𝑀 = √
1

2
[(𝜎𝑥𝑥 − 𝜎𝑦𝑦)

2
+ (𝜎𝑦𝐶 − 𝜎𝑧𝑧)

2
+ (𝜎𝑧𝑧 − 𝜎𝑥𝑥)2 + 6(𝜎𝑥𝑦

2 + 𝜎𝑦𝑧
2 + 𝜎𝑥𝑧

2)]. 

 

The maximum von Mises stresses, and their location within each model, are listed in Table 7.  

Figure 20 illustrates the relative values of maximum von Mises stress at initiation of 

delamination.  As the table and figure show, the von Mises stress is not consistent from geometry 

to geometry, demonstrating that von Mises stress alone is not sufficient to predict delamination 

initiation.  While the von Mises stress value is not consistent, the location of maximum von 

Mises stress remained in the top interlaminar region, under the indenter in all model geometries.  

Since all test specimens loaded past the proportional limit experienced delamination in this 

region, this is a plausible region of delamination initiation. 
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Table 7.  Maximum von Mises stress value and location at delamination initiation. 

Model 
Max von Mises 

stress (MPa) 
Location 

SPR = 2, N = 6 108 top interlaminar region, under indenter 

SPR = 2, N = 12 138 top interlaminar region, under indenter 

SPR = 2, N = 24 216 top interlaminar region, under indenter 

SPR = 8, N = 6 135 top interlaminar region, under indenter 

SPR = 8, N = 12 152 top interlaminar region, under indenter 

SPR = 8, N = 24 210 top interlaminar region, under indenter 

 

 

 
 

Figure 20.  Maximum von Mises stress at delamination initiation.  

 

3.3.2. Maximum principal stress and strain criterion 
 

Similar to the von Mises failure criterion, this criterion uses a single parameter to characterize 

failure.  However, while von Mises characterizes failure by measuring distortion energy, the 

principal stress and strain simply measures the maximum tensile stress and strain value.  The 

maximum principal stresses in each geometry at delamination initiation are listed in Table 8 and 

illustrated in Figure 21.  The maximum principal strains are in Table 9 and Figure 22.  
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Table 8.  Maximum principal stress value, location, and direction at delamination 
initiation. 

Model 
Max principal 
stress (MPa) 

Layer/location Direction (x, y, z) 

SPR = 2, N = 6 56 center/just outside 

indenter radius 

(0.702, 0.712, -0.0289) 

SPR = 2, N = 12 55 center/just outside 

indenter radius 

(0.519, 0.689, 0.506) 

SPR = 2, N = 24 71 top/under indenter radius (0.708, 0.707, 0.00182) 

SPR = 8, N = 6 81 bottom/just outside 

indenter radius 

(-0.539, -0.0296, 0.842) 

SPR = 8, N = 12 55 2 below center/just 

outside indenter radius 

(0.495, 0.687, 0.532) 

SPR = 8, N = 24 57 top/under indenter radius (0.706, 0.708, 0.00209) 

 

 

 
 

Figure 21.  Maximum principal stress at delamination initiation.  

 

The maximum principal stress measure illustrates several interesting trends regarding the state of 

stress in each geometry at initiation of delamination.  These trends are summarized below. 

 
1. Four of the test specimens had maximum principal stresses of around 55 MPa at initiation of delamination 

failure.  This stress occurred at roughly the center interlaminar layer, and corresponded to out-of-plane 

shear (based on direction vector).  Based on this, combined with inspection of test specimens, out-of-plane 
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shear in center interlaminar regions are expected to be the dominant failure mode that leads to delamination 

in these geometries. 

2. In the SPR = 2, N = 24 model, the top interlaminar region has the highest principal stress at loss of 

proportionality in the force/displacement curve.  As in the previous four specimens, the dominant stress is 

out-of-plane shear.  As explained in the previous paragraph, out-of-plane shear stress is a stress that seems 

to correlate well with delamination initiation.  Therefore, it is possible in this specimen that small-scale 

delamination initiated in the top layers without causing the proportional limit of loading to be reached.  

Inspection of ultrasonic imaging before the proportional limit of loading is reached seems to support this 

hypothesis (see Figure A10).  Further, the center interlaminar region has a maximum principal stress of 53 

MPa when proportional loading ceases – much closer to the principal stress exhibited in the previous four 

specimens analyzed. 

3. In the SPR = 8, N = 6 model, the maximum principal stress occurs in the bottom interlaminar region, and is 

due to in-plane stresses.  However, test specimens exhibited no damage in this region, suggesting that in-

plane stress is not as crucial of a stress component when compared to out-of-plane stresses. 

 
Table 9.  Maximum principal strain value, location, and direction at delamination 

initiation. 

Model 
Max principal 

strain (mm/mm) 
Layer/location Direction (x, y, z) 

SPR = 2, N = 6 0.0221 center/just outside 

indenter radius 

(0.704, 0.710, -0.000) 

SPR = 2, N = 12 0.0273 top/under indenter radius (-0.013, 0.690, 0.723) 

SPR = 2, N = 24 0.0423 top/under indenter radius (-0.025, 0.691, 0.723) 

SPR = 8, N = 6 0.0267 top/under indenter radius (-0.498, -0.695, 0.519) 

SPR = 8, N = 12 0.0291 top/under indenter radius (-0.496, -0.708, 0.504) 

SPR = 8, N = 24 0.0404 top/under indenter radius (0.723, 0.691, 0.001) 

 

 

 
Figure 22.  Maximum principal strain at delamination initiation.  

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

0.045

SPR=2, N=6 SPR=2, N=12 SPR=2, N=24 SPR=8, N=6* SPR=8, N=12 SPR=8,
N=24**

ε M
P
 (

M
P

a)
 



36 

 

Overall, trends in maximum principal strain are not as clear as in maximum principal stress.  

Out-of-plane tensile strains are much higher than out-of-plane stresses under the indenter.  

Theses strains are postulated to be a consequence of the higher stiffness in the lamina when 

compared to the interlaminar regions.  As a result, maximum principal strains tend to occur in 

higher interlaminar regions, directly under the indenter. 

 

3.3.3. Hashin/Rotem quadratic criterion 
 

An approach to handle multiple failure parameters is to formulate each independently, then 

combine them quadratically to deal with mixed parameter failure.  This approach is followed by 

Hashin and Rotem in their quadratic stress criterion, which can be stated as [17]: 

 

(
𝜎𝑦𝑦

𝑆+
𝑦𝑦

)

2

+ (
𝜎𝑥𝑦

𝑆𝑥𝑦
)

2

+ (
𝜎𝑦𝑧

𝑆𝑦𝑧
)

2

≤ 1     if     𝜎𝑦𝑦 > 0, 

(
𝜎𝑦𝑦

𝑆−
𝑦𝑦

)

2

+ (
𝜎𝑥𝑦

𝑆𝑥𝑦
)

2

+ (
𝜎𝑦𝑧

𝑆𝑦𝑧
)

2

≤ 1     if     𝜎𝑦𝑦 < 0. 

 

Here, out-of-plane stress components are presumed to contribute to failure.  Specifically, four 

separate failure parameters are considered in this failure criterion: compressive and tensile out-

of-plane stresses (𝑆−
𝑦𝑦 and 𝑆+

𝑦𝑦, respectively) and out-of-plane shear stresses (𝑆𝑥𝑦 and 𝑆𝑦𝑧).  

Unlike the von Mises and principal stress/strain failure criteria, this criterion does not require a 

full stress/strain tensor, and can therefore be implemented with cohesive zone elements. 

 

Critical values of out-of-plane stresses are set as follows: 

 
 𝑆𝑥𝑦  and 𝑆𝑦𝑧 – these values are assumed to be equal, and set by max principal stress values from Section 

3.3.2.  Based on those results, 𝑆𝑥𝑦  and 𝑆𝑦𝑧 are assumed to be 57 MPa. 

 𝑆+
𝑦𝑦 – Limited data is available for setting this failure parameter.  Therefore, based on the assumption of 

no in-plane strains and a von Mises failure criterion (see Section 3.3.4 for details), 𝑆+
𝑦𝑦 is assumed to be 

50 MPa. 

 𝑆−
𝑦𝑦 – As with 𝑆+

𝑦𝑦, limited data is available to calibrate this parameter since pure compression did not 

result in any failures in test specimen.  Based on parametric studies, larger values for 𝑆−
𝑦𝑦 provide a better 

fit to the data.  Therefore, this parameter is assumed to be infinite, and this term is eliminated from the 

failure criterion. 

 

Based on these parameters, the Hashin/Rotem failure criterion was calculated in each FEA 

model, and the results are shown below both in Table 10 and Figure 23.  
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Table 10.  Maximum Hashin/Rotem failure criterion and location at delamination initiation. 

Model 
Max Hashin/Rotem 

FC (MPa) 
Location 

SPR = 2, N = 6 1.19 top interlaminar region, under indenter 

SPR = 2, N = 12 1.96 top interlaminar region, under indenter 

SPR = 2, N = 24 4.75 top interlaminar region, under indenter 

SPR = 8, N = 6 1.86 top interlaminar region, under indenter 

SPR = 8, N = 12 2.38 top interlaminar region, under indenter 

SPR = 8, N = 24 1.65 top interlaminar region, under indenter 

 
Figure 23.  Maximum Hashin/Rotem failure criteria at delamination initiation.  

 

In general, the Hashin/Rotem failure criteria does not sufficiently predict delamination initiation 

in the geometries tested.  At center lamina (where out-of-plane compression is negligible), the 

failure criteria is near unity for all geometries tested, suggesting that out-of-plane compression 

enhances the ability of the test specimens to resist delamination.  Therefore, a failure criteria 

which takes this effect into account is anticipated to improve the results observed. 

 

3.3.4. Yen/Caiazzo quadratic stress criterion 
 

This stress-based delamination initiation criterion is 

 

𝐹𝐶𝑌𝐶 = (
〈𝜎𝑦𝑦〉

𝑆𝑦𝑦
)

2

+ (
𝜎𝑥𝑦

𝑆𝑥𝑦 + 𝑆𝑐𝑜𝑚
)

2

+ (
𝜎𝑦𝑧

𝑆𝑦𝑧 + 𝑆𝑐𝑜𝑚
)

2

≤  1, 

where: 

 

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

SPR = 2, N = 6 SPR = 2, N = 12SPR = 2, N = 24SPR = 8, N = 6*SPR = 8, N = 12 SPR = 8, N =
24**

Fa
ilu

re
 C

ri
te

ri
a 

V
al

u
e

 



38 

 〈𝑥〉  =  {
𝑥  𝑖𝑓  𝑥 >  0
0  𝑖𝑓  𝑥 ≤  0

  denotes Macaulay brackets, 

 𝑆𝑦𝑦 is the out-of-plane tensile strength,  

 𝑆𝑥𝑦  and 𝑆𝑦𝑧 are the out-of-plane shear strengths, 

 and 𝑆𝑐𝑜𝑚  =  〈−𝜎𝑦𝑦〉 𝑡𝑎𝑛 𝜑 is an interlaminar shear strength modifier based on Mohr-Columb theory, 

which acts to increase shear strength with increased compressive out-of-plane force. 

 

This failure initiation criterion is similar to the Hashin/Rotem criterion except for one very 

important difference.  Here, 𝑆𝑐𝑜𝑚 acts to increase shear strength with increased out-of-plane 

compressive force, mitigating the shortcoming present in the Hashin/Rotem criterion.  As with 

the Hashin/Rotem initiation criterion, the Yen/Caiazzo criterion is compatible with cohesive 

zone elements. 

 

Uniaxial tensile strength values are available for UF3362 in [10].  There, a value of 𝑆𝑦𝑦 is given 

as 68.95 MPa.  Assuming a von Mises type yield criterion, this is equivalent to a pure shear of 

39.8 MPa.  However, these values assume the material is undergoing either pure tensile stress or 

pure shear, and are therefore invalid for this situation.  In order to apply this failure criterion, 

values of 𝑆𝑥𝑦, 𝑆𝑦𝑧, 𝑆𝑦𝑦, and 𝜑 will need to be developed. 

 

First, 𝑆𝑥𝑦 and 𝑆𝑦𝑧 are assumed to be equal, based on the symmetry of the CFRP.  Bounds on 𝑆𝑥𝑦 

will be set based on the SPR = 2, N = 6 model, whose maximum failure criterion occurs in 

regions dominated by shear.  Based on this geometry, a shear strength of 𝑆𝑥𝑦 = 𝑆𝑦𝑧 = 57 MPa is 

deemed reasonable.  Unfortunately, out-of-plane tensile stresses did not occur in appreciable 

quantities in regions of delamination failure, making calibration of this quantity difficult.  As a 

first-order estimate, the uniaxial tensile strength of UF3362 can be transformed into a von Mises 

yield criterion assuming all in-plane strains are zero.  This is a reasonable assumption for a thin 

interlaminar region surrounded by lamina with much higher stiffness.  First, the zero in-plane 

strain assumption gives in-plane stress values of 

 

𝜎𝑥𝑥 = 𝜎𝑧𝑧 =
2𝜈

(1 + 𝜈)(1 − 2𝜈)
𝜎𝑦𝑦. 

 

Now, assuming a von Mises yield criterion, the critical out-of-plane stress is 

 

𝑆𝑦𝑦 = |1 −
2𝜈

(1 + 𝜈)(1 − 2𝜈)
| 𝜎𝑦𝑦. 

 

With the assumed values for 𝜈 and uniaxial tensile strength for UF3362, 𝑆𝑦𝑦 is estimated as 50 

MPa. 

 

Calibration of the final parameter, 𝜑, turns out to be a more difficult task.  In the PST geometry, 

regions of large compressive stress are limited to regions of the test specimen under the edges of 

the indenter.  Furthermore, these are also regions of very high shear.  Therefore, increasing the 

angle 𝜑 acts to shift the location of initial failure from under the indenter down to interlaminar 

layers at the center of the test specimen, where relatively high shear persists but compressive 

stress is nearly nonexistent.  Once the location of initial failure has shifted from the top of the 
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test specimen to the center of it, additional increases of 𝜑 have no effect on the maximum value 

of the failure criterion.  However, increasing 𝜑 in this situation would further reduce the value of 

the failure criterion in regions directly beneath the indenter. 

 

The effect of modifying 𝜑 on the maximum value of 𝐹𝐶𝑌𝐶 is demonstrated in Figure 24.  As the 

figure demonstrates, no single value of 𝜑 gives a maximum value of unity in all test geometries.  

Excluding the SPR = 2, N = 24 and SPR = 8, N = 24 models, 𝜑 = 30° gives a reasonable 

maximum value for this failure criterion in most of the test geometries.  If the SPR = 2, N = 24 

model is included, 𝜑 = 57° gives a somewhat reasonable maximum value for failure criteria in 

all test geometries.  However, with such a large angle chosen for 𝜑, regions near the indenter in 

non-SPR = 2, N = 24 models have very low values for 𝐹𝐶𝑌𝐶, which is not realistic when 

compared to test results. 

 

 
 

Figure 24.  Yen/Caiazzo failure criterion value as a function of φ. 
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Figure 25.  Yen/Caiazzo failure criterion in SPR = 2, N = 24 model with φ = 30°. 

 

Examining values of 𝐹𝐶𝑌𝐶 in the SPR = 2, N = 24 and SPR = 8, N = 24 models with 𝜑 = 30° 

demonstrates that regions of delamination predicted are small, and limited to the first four to five 

interlaminar layers immediately surrounding the indenter (see Figure 25 for SPR = 2, N = 24 

geometry).  Furthermore, ultrasonic images from Specimen 3 of the SPR = 2, N = 24 test 

geometry (see Figure A10) and Specimen 3 of the SPR = 8, N = 24 geometry (see Figure A21) 

indicate that some damage likely occurs before the proportional limit is reached in these test 

geometries.  Small-scale delamination in the top layers (with no other failure modes present) 

would be consistent with the damage observed in Figure A10 and Figure A21. 

 

Based on this analysis, the model parameters in Table 11 are assumed for the Yen/Caiazzo 

failure criterion.  The resulting maximum values for 𝐹𝐶𝑌𝐶 are plotted in Figure 26.  Maximum 

values for 𝐹𝐶𝑌𝐶 and their locations are listed in Table 12.  The resulting failure surface, along 

with the location of each test geometry on it, are illustrated in Figure 27. 

 
Table 11.  Assumed model parameters for the Yen/Caiazzo failure criterion. 

Parameter Assumed value Source 

𝑆𝑥𝑦 57 MPa max shear strain at delamination initiation in SPR = 

2, N = 6 model 

𝑆𝑦𝑧 57 MPa max shear strain at delamination initiation in SPR = 

2, N = 6 model 

𝑆𝑦𝑦 50 MPa estimated from constraint modified ultimate tensile 

strength 

𝜑 30° parametric studies 

 

 

FCYC
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Table 12.  Maximum Yen/Caiazzo failure criterion value at delamination initiation. 

Model Max 𝑭𝑪𝒀𝑪 Interlaminar layer & location 

SPR = 2, N = 6 0.99 center, just outside indenter radius 

SPR = 2, N = 12 1.01 top, at indenter radius 

SPR = 2, N = 24 1.97 top, at indenter radius 

SPR = 8, N = 6 1.05 center, just outside indenter radius 

SPR = 8, N = 12 1.02 top, at indenter radius 

SPR = 8, N = 24 1.61 top, at indenter radius 

 

 
Figure 26.  Maximum Yen/Caiazzo stress failure criteria at delamination initiation.  
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Figure 27.  Yen/Caiazzo failure surface with max 𝑭𝑪𝒀𝑪 in each geometry plotted. 

 

3.3.5. Yen/Caiazzo quadratic strain criterion 
 

In Reference [7], the Yen/Caiazzo stress-based criterion is transformed into a strain-based 

criterion by substituting the critical stresses with one-dimensional constitutive relationships.  The 

resulting strain-based delamination initiation criterion is 

 

𝐹𝐶𝑌𝐶 = (
〈𝐸𝑦𝜀𝑦𝑦〉

𝑆𝑦𝑦
)

2

+ (
𝐺𝑥𝑦𝜀𝑥𝑦

𝑆𝑥𝑦 + 𝑆𝑐𝑜𝑚
)

2

+ (
𝐺𝑦𝑧𝜀𝑦𝑧

𝑆𝑦𝑧 + 𝑆𝑐𝑜𝑚
)

2

≤  1, 

where: 

 

 〈𝑥〉  =  {
𝑥  𝑖𝑓  𝑥 >  0
0  𝑖𝑓  𝑥 ≤  0

  denotes Macaulay brackets, 

 𝑆𝑦𝑦 is the out-of-plane tensile strength,  

 𝑆𝑥𝑦  and 𝑆𝑦𝑧 are the out-of-plane shear strengths, 

 and 𝑆𝑐𝑜𝑚  =  〈−𝐸𝑦𝜀𝑦𝑦〉  𝑡𝑎𝑛 𝜑 is an interlaminar shear strength modifier based on Mohr-Columb theory, 

which acts to increase shear strength with increased compressive out-of-plane force. 

 

At first glance, this failure criterion is very similar to the one introduced in Section 3.3.3; 

however, due to Poisson effects, there are profound differences between the two.  In the top 

interlaminar layer under the indenter, very little out-of-plane stress is present
2
, but tensile out-of-

plane strains are present (due to greater compliance in the interlaminar regions compared to the 

                                                 
2
 While out-of-plane stress is very high under the edge of the indenter, under the center of the indenter, very little 

out-of-plane stress occurs. 
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lamina).  This causes failure initiation (based on this criterion) to occur in the top interlaminar 

layer in all test geometries and the parameter 𝑆𝑐𝑜𝑚 to have reduced impact when compared to the 

stress based Yen/Caiazzo criterion.  

 

Keep in mind that using cohesive zone elements to model interlaminar regions results in no 

difference between stress-based and strain-based criteria.  Since this is eventually the method 

that will be used to model these interlaminar regions, the differences between the stress-based 

and strain-based failure criteria will eventually be moot.  However, since localization elements 

provide full stress and strain tensors, such a comparison is warranted, and can provide insight 

into whether stresses or strains ultimately control delamination failure. 

 

The stress-based parameters in the model are chosen as before, and the elastic moduli value are 

the same as used in Section 3.1.2.  The shear modulus is calculated assuming an isotropic 

material, giving a value of 2556 MPa.  The resulting values for the strain based Yen/Caiazzo 

failure criterion are given in Table 13 and illustrated in Figure 28.  The failure criterion versus 𝜑 

is plotted in Figure 29.  

 
Table 13.  Maximum Yen/Caiazzo strain failure criterion value at delamination initiation. 

Model Max 𝑭𝑪𝒀𝑪 Interlaminar layer & location 

SPR = 2, N = 6 1.00 top, at indenter radius 

SPR = 2, N = 12 1.47 top, at indenter radius 

SPR = 2, N = 24 3.15 top, at indenter radius 

SPR = 8, N = 6 1.57 top, at indenter radius 

SPR = 8, N = 12 1.93 top, at indenter radius 

SPR = 8, N = 24 2.93 top, at indenter radius 
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Figure 28.  Maximum Yen/Caiazzo strain failure criteria at delamination initiation.  

 

The strain-based Yen/Caiazzo delamination initiation criterion did not match the data as well as 

the stress-based version.  A strain-based criteria that better matches these observed test results 

would need to take into account increased out-of-plane strains under the indenter.  As this 

particular modeling effort progresses, cohesive zone elements will negate the difference between 

stress-based and strain-based criteria.  However, in these analyses, it remains to be seen how out-

of-plane stresses or strains under the indenter will affect the initiation criteria. 
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Figure 29.  Yen/Caiazzo strain failure criterion value as a function of φ. 

 

3.4. Discussion 
 

In this section, a number of delamination initiation criteria are demonstrated on quasi-static 

punch-shear tests in six different specimen geometries.  The criteria tested included von Mises 

stress, maximum principal stress/strain, a yield surface developed by Hashin and Rotem, and a 

yield surface developed by Yen/Caiazzo in both stress-based and strain-based varieties. 

 

Of all failure criteria tested, the stress-based Yen/Caiazzo criterion produced the best results, 

with nearly all test specimens falling neatly on the failure surface at the proportional limit of 

loading.  The exceptions to this rule are the SPR = 2, N = 24 and SPR = 8, N = 24 geometries.  

However, as ultrasonic imaging demonstrates, delamination directly underneath the indenter 

before the proportional limit has been reached is a realistic possibility.  The failed region 

(determined by 𝐹𝐶𝑌𝐶 > 1) roughly matches the limits of the damaged region highlighted by 

ultrasonic imaging.  Additionally, this delamination criterion indicates delamination initiation 

occurs at around 5 kN of loading in the SPR = 8, N = 6 model.  This is likely where out-of-plane 

matrix failure and localized delamination begin in this geometry. 

 

Compared to the stress-based Yen/Caiazzo delamination criterion, the von Mises yield criterion 

and max principal stress/strain criteria prove to be too simplistic.  Each stress component leading 

to delamination failure requires its own, unique ultimate stress value.  Furthermore, yield in out-

of-plane compression differs from yield in out-of-plane tension.  These shortcoming are 

addressed in the Hashin and Rotem failure criterion, yet this model also falls short in predicting 

delamination.  Here, the issue is related to increased shear strength when out-of-plane 

compressive stress occurs simultaneously.  The Yen/Caiazzo model accounts for this 

shortcoming. 
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Since strain-based yield criteria have more physical meaning in polymer materials, such as 

UF3362, the strain-based Yen/Caiazzo model was anticipated to provide a plausible failure 

surface for the observed test results.  However, the stress-based Yen/Caiazzo model proved to 

provide the best fit for the observed test results.  As mentioned previously, when using cohesive 

zone elements in the interlaminar region, the stress-based and strain-based Yen/Caiazzo model 

will give the same results.  However, localization elements generally should give a more accurate 

snapshot of actual stresses and strains present in the interlaminar region.  Since the Yen/Caiazzo 

strain-based criteria is not able to produce a failure surface which matched test results, perhaps 

other strain-based failure surfaces may be worth developing. 
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4.  CONCLUSION 
 

In this document, failure in carbon-fiber reinforced polymers is investigated.  Quasi-static punch 

shear testing was performed and the resulting force/displacement curves and non-destructive test 

results were analyzed.  Based on these results, finite element analysis was performed to match 

the proportional portion of the load/displacement curve.  At the proportional limit of the 

load/displacement curve, a variety of delamination initiation criteria were tested on the 

interlaminar regions of the finite element model.  These initiation criteria were tested at this point 

since large-scale delamination is the mode of failure that results in reduced load-carrying 

capacity in the majority of specimen geometries tested. 

 

Based on the examination of force/displacement curves and non-destructive test results, a 

sequence of failure was determined in each test specimen geometry.  Two separate sequences of 

failure were observed among all the test geometries.  In the SPR = 8, N = 6 geometry, the first 

mode of failure observed is matrix damage, followed by fiber failure.  Small delamination 

occurred around damaged regions, but delamination had little effect on the overall shape of the 

force-displacement curve.  In the remaining test geometries, matrix damage and large-scale 

delamination occur at the proportional limit of loading.  Then, loading increases as higher 

strength fibers begin to accumulate load.  Eventually, these fibers fail and the specimen’s load 

carrying capacity is drastically reduced. 

 

Based on the assumed location of initiation of delamination (the proportional limit in most 

specimen geometries), a number of different delamination initiation criteria are tested.  The 

criterion that best matches test data is a stress-based Yen/Caiazzo failure surface.  This failure 

surface takes into account out-of-plane tension, compression, and shear.  Tension and shear act 

as terms in a quadratic failure surface, while compression acts as to increase shear strength. 

 

The next goal in this project is to develop an interactive failure criteria for the fibers and the 

matrix of the lamina, then run analyses that integrate all modes of failure and develop a full 

force/displacement response for each test specimen geometry.  The interactive failure criteria 

will be mesh size dependent, so a non-local method will likely be needed to build a convergent 

finite element model.  Investigation of integrating non-local methods with a continuum damage 

mechanics model will be the next specific step taken toward realizing the ultimate goal of the 

project. 
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APPENDIX A:  NON-DESTRUCTIVE EVALUATION OF TEST 
SPECIMENS 

 

Determining the location of delamination initiation in test specimens is aided by the use of CT 

scans and ultrasonic imaging.  These evaluations, along with force/displacement curves obtained 

during testing, allow a sequence of failure to be postulated for each of the test geometries.  Since 

testing continued beyond initiation of delamination, the applications of the failure sequences 

detailed here extend beyond the scope of the current work.  The process of determining each 

failure sequence is detailed in this Appendix.  The images and discussion presented in this 

Appendix parallel and are partially derived from a companion SAND report [15]. 

 

A.1. Testing and evaluation 
 

As described in Section 2 of the report, the majority of tests are run to different points on the 

force/displacement curve (rather than complete specimen failure).  As a result, these test 

specimens with varying degrees of damage provide insight into the sequence of failure in each 

test geometry.  The three pieces of information that are used to develop a failure sequence are the 

force/displacement curves, CT scans, and ultrasonic images.  The force/displacement curves are 

pictured in Figure 2 through Figure 7 of Section 2.  The ultrasonic images are pictured in the 

sections that follow.  Also, descriptions of each lamina and interlaminar region from CT scan 

imagery are described in the sections that follow.  Illustrative images of CT scans are shown in 

Section A.2. 

 

CT scans are stored in .avi file format and are manipulated using ImageJ version 1.49 [16].  CT 

scans are conducted in the three principle axes, with the XY and XZ scan directions being in-

plane and the YZ scan direction being out-of-plane.  The following types of damage were 

observed in the CT scans: 

 
 Out-of-plane lamina matrix damage – This failure type is most clearly identified in the out-of-plane 

scans.  Permanent deformation causes laminar regions adjacent to the indenter to appear in scans taken at 

higher or lower planes than expected.  As matrix damage progresses, in-plane scans demonstrate “cliffs” 

around the location of the indenter. 

 Out-of-plane fiber damage – Closely related to matrix damage, fiber damage is primarily visible through 

“cliffs” in in-plane scans around the location of the indenter, with a discontinuity in the lamina clearly 

present (visibility is often enhanced by delamination around the indenter). 

 Lamina cracking – Identified as cracks visible in the out-of-plane direction (generally initiating from the 

indenter).  

 Delamination – Sometimes identifiable as distinct layers in the in-plane directions, but usually recognized 

as darkened regions of out-of-plane scans.  Generally, if permanent lamina damage is present then this 

failure mode is more easily recognizable in CT scans.  Without permanent damage in the lamina, 

delaminations tend to be too small to be seen in CT scans.  Therefore, estimations of delamination from CT 

imaging alone may underestimate the true extent of delamination in each test specimen. 

 

Layer-by-layer evaluation of each specimen is attempted in the sections that follow.  This is 

accomplished by interpolating frames of the out-of-plane .avi file and examining each layer of 

the in-plane .avi file.  Since some approximation is involved in this method of analysis, the layer-

by-layer evaluations are meant to present an overall trend of the state of each specimen, rather 

than a precise description of each layer. 
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A.1.1. SPR = 2, N = 6 specimens 
 

For convenience, Figure 2 is repeated below (in Figure A1).  Specifically, Specimen 3, Specimen 

4, and Specimen 5 will be evaluated in this section.  Based on evaluation of these samples, the 

following damage is observed: 

 
 Specimen 3 (loaded until before proportional limit was reached) – no damage 

 Specimen 4 (loaded past proportional limit, until first region of damage occurs) – ultrasonic imaging 

clearly indicates a damaged region slightly larger than twice the radius of the indenter; CT scans 

demonstrate matrix damage around the indenter in the top lamina and delamination about two-thirds 

through the specimen 

 Specimen 5 (loaded to maximum load, immediately preceding complete failure of the test specimen) – 

ultrasonic imaging demonstrates a damaged region slightly larger than Specimen 4; CT scans illustrate 

matrix and fiber damage in the first three layers of lamina and a delamination region about two times the 

size of the indenter propagating through all layers 

 

 
 

Figure A1.  Force/displacement curves for SPR = 2, N = 6 test specimens. 

 

A.1.1.1. Specimen 3 

 

Specimen 3 is not loaded past the proportional limit of the force/displacement curve.  

Accordingly, no visible damage is incurred on the test specimen.  Ultrasonic imaging (Figure 

A2) and a description of each lamina/interlaminar region (Table A1) follow.  
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Figure A2.  Ultrasonic imaging for SPR = 2, N = 6 test specimen 3.  Yellow/orange regions 

indicate no damage. 

 
Table A1.  Damage in each layer of SPR = 2, N = 6 specimen 3 based on CT scans. 

Lamina Lamina damage 
Interlaminar 

layer Interlaminar damage 

1 no damage 1 no damage 

2 no damage 2 no damage 

3 no damage 3 no damage 

4 no damage 4 no damage 

5 no damage 5 no damage 

6 no damage 

   

A.1.1.2. Specimen 4 

 

Specimen 4 is loaded past the proportional limit of the force/displacement curve, to the first 

region of damage.  Out-of-plane matrix damage and delamination is observed in this specimen.  

Ultrasonic imaging (Figure A3) and a description of each lamina/interlaminar region (Table A2) 

follow.  
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Figure A3.  Ultrasonic imaging for SPR = 2, N = 6 test specimen 4.  Yellow/orange regions 

indicate no damage. 

 
Table A2.  Damage in each layer of SPR = 2, N = 6 specimen 4 based on CT scans. 

Lamina Lamina damage 
Interlaminar 

layer Interlaminar damage 

1 

out-of-plane matrix damage 

around punch 1 

delamination around punched region 

2 no damage 2 

region of delamination about 1.5x 

radius of punch 

3 no damage 3 

region of delamination about 2x 

radius of punch 

4 no damage 4 

region of delamination about 2x 

radius of punch 

5 no damage 5 no damage 

6 no damage 

   

A.1.1.3. Specimen 5 

 

Specimen 5 is loaded to roughly the point of maximum load carrying capacity of the specimen.  

Matrix and fiber damage and delamination are observed in this specimen.  Ultrasonic imaging 

(Figure A4) and a description of each lamina/interlaminar region (Table A3) follow.  
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Figure A4.  Ultrasonic imaging for SPR = 2, N = 6 test specimen 5.  Yellow/orange regions 

indicate no damage. 

 
Table A3.  Damage in each layer of SPR = 2, N = 6 specimen 5 based on CT scans. 

Lamina Lamina damage 
Interlaminar 

layer Interlaminar damage 

1 

punch-through failure around 

punch 1 

region of delamination about 2x 

radius of punch 

2 

punch-through failure around 

punch 2 

region of delamination about 2x 

radius of punch 

3 

punch-through failure around 

punch 3 

region of delamination about 2x 

radius of punch 

4 

matrix damage around punch 

4 

region of delamination about 2x 

radius of punch 

5 

permanent deformation 

around punch (some possible 

matrix damage) 5 

region of delamination about 2x 

radius of punch 

6 

permanent deformation 

around punch (some possible 

matrix damage) 

   

A.1.2. SPR = 2, N = 12 specimens 
 

For convenience, Figure 3 is repeated below (in Figure A5).  Specifically, Specimen 3, Specimen 

4, and Specimen 5 will be evaluated in this section.  Based on evaluation of these samples, the 

following damage is observed: 
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 Specimen 3 (loaded until before proportional limit was reached) – no damage 

 Specimen 4 (loaded past proportional limit, within “valley” of force/displacement curve) – ultrasonic 

imaging clearly indicates a damaged region slightly larger than twice the radius of the indenter; CT scans 

demonstrate matrix crushing around the indenter in the top lamina and likely delamination from the top to 

two-thirds through the specimen 

 Specimen 5 (loaded to maximum load, immediately preceding complete failure of the test specimen) – 

ultrasonic imaging demonstrates a diamond-shaped damaged region slightly larger than Specimen 4; CT 

scans illustrate punch-through failure (caused by fiber and matrix damage) in the first 5 layers of lamina 

and delamination propagating around the indenter through all interlaminar regions of the specimen 

 

 

 

 
 

Figure A5.  Force/displacement curves for SPR = 2, N = 12 test specimens. 

 

A.1.2.1. Specimen 3 

 

Specimen 3 is not loaded past the proportional limit of the force/displacement curve.  

Accordingly, no visible damage is incurred on the test specimen.  Ultrasonic imaging (Figure 

A6) and a description of each lamina/interlaminar region (Table A4) follow.  
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Figure A6.  Ultrasonic imaging for SPR = 2, N = 12 test specimen 3.  Yellow/orange 
regions indicate no damage. 

 
Table A4.  Damage in each layer of SPR = 2, N = 12 specimen 3 based on CT scans. 

Lamina Lamina damage 
Interlaminar 

layer Interlaminar damage 

1 no damage 1 no damage 

2 no damage 2 no damage 

3 no damage 3 no damage 

4 no damage 4 no damage 

5 no damage 5 no damage 

6 no damage 6 no damage 

7 no damage 7 no damage 

8 no damage 8 no damage 

9 no damage 9 no damage 

10 no damage 10 no damage 

11 no damage 11 no damage 

12 no damage   

 

A.1.2.2. Specimen 4 

 

Specimen 4 is loaded past the proportional limit, to the bottom of the “valley” that occurs after 

this point.  Out-of-plane matrix damage and delamination are observed on this test specimen.  
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Ultrasonic imaging (Figure A7) and a description of each lamina/interlaminar region (Table A5) 

follow.  

 

 
 

Figure A7.  Ultrasonic imaging for SPR = 2, N = 12 test specimen 4.  Yellow/orange 
regions indicate no damage. 

 
Table A5.  Damage in each layer of SPR = 2, N = 12 specimen 4 based on CT scans. 

Lamina Lamina damage 
Interlaminar 

layer Interlaminar damage 

1 

out-of-plane matrix damage 

around punch 1 

minimal delamination around punch 

2 

minimal out-of-plane matrix 

damage around punch 2 

minimal delamination around punch 

3 no damage 3 

region of delamination about 1.2x 

radius of punch 

4 no damage 4 

likely delamination about 1.4x radius 

of punch 

5 no damage 5 

possible delamination about 1.4x 

radius of punch 

6 no damage 6 

possible delamination about 1.4x 

radius of punch 

7 no damage 7 

possible delamination about 1.4x 

radius of punch 

8 no damage 8 

possible delamination about 1.4x 

radius of punch 

9 no damage 9 

possible delamination about 1.4x 

radius of punch 
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10 no damage 10 no damage 

11 no damage 11 no damage 

12 no damage   

 

A.1.2.3. Specimen 5 

 

Specimen 5 is loaded to roughly the maximum load carrying capacity of the test geometry.  Out-

of-plane fiber and matrix damage and delamination are observed on this test specimen.  

Ultrasonic imaging (Figure A8) and a description of each lamina/interlaminar region (Table A6) 

follow.  

 

 
 

Figure A8.  Ultrasonic imaging for SPR = 2, N = 12 test specimen 5.  Yellow/orange 
regions indicate no damage. 

 
Table A6.  Damage in each layer of SPR = 2, N = 12 specimen 5 based on CT scans. 

Lamina Lamina damage 
Interlaminar 

layer Interlaminar damage 

1 

punch-through failure around 

punch (fiber damage) 1 

delamination in the immediate 

vicinity of the punch 

2 

punch-through failure around 

punch (fiber damage) 2 

region of delamination about 2x 

radius of punch 

3 

punch-through failure around 

punch (fiber damage) 3 

region of delamination about 2.2x 

radius of punch 

4 

punch-through failure around 

punch (fiber damage) 4 

region of delamination about 2.2x 

radius of punch 

5 punch-through failure around 5 region of delamination about 2.2x 
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punch (fiber damage) radius of punch 

6 

out-of-plane matrix damage 

around punch 6 

region of delamination about 2.2x 

radius of punch 

7 

minimal out-of-plane matrix 

damage around punch 7 

region of delamination about 2x 

radius of punch 

8 

no damage 

8 

region of delamination about 2x 

radius of punch 

9 

no damage 

9 

region of delamination about 2x 

radius of punch 

10 

no damage 

10 

region of delamination about 2x 

radius of punch 

11 

no damage 

11 

region of delamination about 1.7x 

radius of punch 

12 no damage   

 

A.1.3. SPR = 2, N = 24 specimens 
 

For convenience, Figure 4 is repeated below (in Figure A9).  Specifically, Specimen 3, Specimen 

4, and Specimen 5 will be evaluated in this section.  Based on evaluation of these samples, the 

following damage is observed: 

 
 Specimen 3 (loaded until before proportional limit was reached) – ultrasonic imaging indicates a small, 

slightly damaged region around the indenter (possible delamination); CT scans did not show any damage 

 Specimen 4 (loaded past proportional limit, within “valley” of force/displacement curve) – ultrasonic 

imaging clearly indicates a damaged region two to three times the radius of the indenter; CT scans 

demonstrate matrix damage around the indenter in the top lamina and likely delamination through every 

interlaminar region of the specimen 

 Specimen 5 (loaded to maximum load, immediately preceding complete failure of the test specimen) – 

ultrasonic imaging demonstrates a diamond-shaped damaged region about 1.75 times larger than the 

damaged region in Specimen 4; CT scans illustrate fiber damage and matrix damage in all layers of lamina 

and a region of delamination slightly larger than twice the size of the indenter propagating through all 

interlaminar regions 
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Figure A9.  Force/displacement curves for SPR = 2, N = 24 test specimens. 

 

A.1.3.1. Specimen 3 

 

Specimen 3 is loaded to before the proportional limit for this geometry.  CT scans of the test 

specimen indicate no damage; however, ultrasonic imaging shows a small, somewhat damaged 

region around the indenter.  Ultrasonic imaging (Figure A10) and a description of each 

lamina/interlaminar region (Table A7) follow.  
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Figure A10.  Ultrasonic imaging for SPR = 2, N = 24 test specimen 3.  Yellow/orange 
regions indicate no damage. 

 
Table A7.  Damage in each layer of SPR = 2, N = 24 specimen 3 based on CT scans. 

 

Lamina Lamina damage 
Interlaminar 

layer Interlaminar damage 

1 no damage 1 no damage 

2 no damage 2 no damage 

3 no damage 3 no damage 

4 no damage 4 no damage 

5 no damage 5 no damage 

6 no damage 6 no damage 

7 no damage 7 no damage 

8 no damage 8 no damage 

9 no damage 9 no damage 

10 no damage 10 no damage 

11 no damage 11 no damage 

12 no damage 12 no damage 

13 no damage 13 no damage 

14 no damage 14 no damage 

15 no damage 15 no damage 

16 no damage 16 no damage 

17 no damage 17 no damage 
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18 no damage 18 no damage 

19 no damage 19 no damage 

20 no damage 20 no damage 

21 no damage 21 no damage 

22 no damage 22 no damage 

23 no damage 23 no damage 

24 no damage   

 

A.1.3.2. Specimen 4 

 

Specimen 4 is loaded past the proportional limit, to the bottom of the “valley” that occurs after 

this point.  Punch-through failure on the top lamina and delamination are observed on this test 

specimen.  Ultrasonic imaging (Figure A11) and a description of each lamina/interlaminar region 

(Table A8) follow.  

 

 
 

Figure A11.  Ultrasonic imaging for SPR = 2, N = 24 test specimen 4.  Yellow/orange 
regions indicate no damage. 
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Table A8.  Damage in each layer of SPR = 2, N = 24 specimen 4 based on CT scans. 

Lamina Lamina damage 
Interlaminar 

layer Interlaminar damage 

1 

matrix (and possible fiber) 

damage and small cracks 

around punch 1 

delamination in the immediate 

vicinity around the punch 

2 

out-of-plane matrix damage 

around punch 2 

region of delamination about 1.4x 

radius of punch 

3 

minimal out-of-plane matrix 

damage around punch 3 

region of delamination about 1.5x 

radius of punch 

4 

no damage 

4 

region of delamination about 1.5x 

radius of punch 

5 

no damage 

5 

region of delamination about 1.5x 

radius of punch 

6 

no damage 

6 

region of delamination about 1.5x 

radius of punch 

7 

no damage 

7 

region of delamination about 1.5x 

radius of punch 

8 

no damage 

8 

region of delamination about 1.6x 

radius of punch 

9 

no damage 

9 

region of delamination about 1.7x 

radius of punch 

10 

no damage 

10 

region of delamination about 1.7x 

radius of punch 

11 

no damage 

11 

region of delamination about 1.7x 

radius of punch 

12 

no damage 

12 

region of delamination about 1.7x 

radius of punch 

13 

no damage 

13 

region of delamination about 1.7x 

radius of punch 

14 

no damage 

14 

region of delamination about 1.7x 

radius of punch 

15 

no damage 

15 

region of delamination about 1.8x 

radius of punch 

16 

no damage 

16 

region of delamination about 1.8x 

radius of punch 

17 

no damage 

17 

region of delamination about 1.8x 

radius of punch 

18 

no damage 

18 

region of delamination about 1.8x 

radius of punch 

19 

no damage 

19 

region of delamination about 1.9x 

radius of punch 

20 

no damage 

20 

region of delamination about 1.9x 

radius of punch 

21 

no damage 

21 

region of delamination about 1.9x 

radius of punch 
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22 

no damage 

22 

region of delamination about 1.9x 

radius of punch 

23 

no damage 

23 

likely delamination about 2x radius 

of punch 

24 no damage   

 

A.1.3.3. Specimen 5 

 

Specimen 5 is loaded to roughly the maximum load carrying capacity of the test geometry.  Out-

of-plane punch-through failure, fiber crushing, lamina cracking, and delamination are observed 

on this test specimen.  Ultrasonic imaging (Figure A12) and a description of each 

lamina/interlaminar region (Table A9) follow.  

 

 
 

Figure A12.  Ultrasonic imaging for SPR = 2, N = 24 test specimen 5.  Yellow/orange 
regions indicate no damage. 
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Table A9.  Damage in each layer of SPR = 2, N = 24 specimen 5 based on CT scans. 

Lamina Lamina damage 
Interlaminar 

layer Interlaminar damage 

1 

punch-through failure 

around punch (matrix and 

fiber damage) 1 

delamination in the immediate 

vicinity around the punch 

2 

punch-through failure 

around punch (matrix and 

fiber damage) 2 

delamination in the immediate 

vicinity around the punch 

3 

punch-through failure 

around punch (matrix and 

fiber damage) 3 

region of delamination about 1.3x 

radius of punch 

4 

punch-through failure 

around punch (matrix and 

fiber damage) 4 

region of delamination about 1.7x 

radius of punch 

5 

punch-through failure 

around punch (matrix and 

fiber damage) 5 

region of delamination about 2x 

radius of punch 

6 

punch-through failure 

around punch (matrix and 

fiber damage) 6 

region of delamination about 2x 

radius of punch 

7 

punch-through failure 

around punch (matrix and 

fiber damage) 7 

region of delamination about 2.2x 

radius of punch 

8 

punch-through failure 

around punch (matrix and 

fiber damage) 8 

region of delamination about 2.2x 

radius of punch 

9 

punch-through failure 

around punch (matrix and 

fiber damage) 9 

region of delamination about 2.3x 

radius of punch 

10 

minimal out-of-plane matrix 

damage around punch; 

square cracking about 1.2x 

radius of punch 10 

region of delamination about 2.3x 

radius of punch 

11 

square cracking about 1.2x 

radius of punch 11 

region of delamination about 2.3x 

radius of punch 

12 

square cracking about 1.2x 

radius of punch 12 

region of delamination about 2.3x 

radius of punch 

13 

square cracking about 1.2x 

radius of punch 13 

region of delamination about 2.3x 

radius of punch 

14 

square cracking about 1.4x 

radius of punch 14 

region of delamination about 2.3x 

radius of punch 

15 

square cracking about 1.4x 

radius of punch 15 

region of delamination about 2.3x 

radius of punch 

16 

square cracking about 1.6x 

radius of punch 16 

region of delamination about 2.3x 

radius of punch 
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17 

square cracking about 1.7x 

radius of punch 17 

region of delamination about 2.3x 

radius of punch 

18 

square cracking about 1.7x 

radius of punch 18 

region of delamination about 2.3x 

radius of punch 

19 

square cracking about 1.7x 

radius of punch 19 

region of delamination about 2.3x 

radius of punch 

20 

square cracking about 1.8x 

radius of punch 20 

region of delamination about 2.3x 

radius of punch 

21 

square cracking about 1.9x 

radius of punch 21 

region of delamination about 2.3x 

radius of punch 

22 

square cracking about 2x 

radius of punch 22 

region of delamination about 2.3x 

radius of punch 

23 

square cracking about 2x 

radius of punch 23 

region of delamination about 2.3x 

radius of punch 

24 

square cracking about 2.1x 

radius of punch   

 

A.1.4. SPR = 8, N = 6 specimens 
 

For convenience, Figure 5 is repeated below (in Figure A13).  Specifically, Specimen 3 and 

Specimen 4 will be evaluated in this section.  Based on evaluation of these samples, the 

following damage is observed: 

 
 Specimen 3 (displaced to about 80% of ultimate failure displacement) – ultrasonic imaging gives a small 

region of damage near the indenter; CT scans demonstrate some punch-through (fiber and matrix damage) 

and delamination immediately around the punch 

 Specimen 4 (displaced to about 92% of ultimate failure displacement) – ultrasonic imaging demonstrates a 

slightly larger region of damage compared to Specimen 3; CT scans demonstrate fiber and matrix damage 

beginning to propagate through all lamina as well as delamination in regions around the punch 
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Figure A13.  Force/displacement curves for SPR = 8, N = 6 test specimens. 

 

A.1.4.1. Specimen 3 

 

Specimen 3 is loaded to approximately 80% of ultimate failure deformation for this geometry.  

Punch-through, fiber crushing, and delamination are visible on the test specimen.  Ultrasonic 

imaging (Figure A14) and a description of each lamina/interlaminar region (Table A10) follow.  
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Figure A14.  Ultrasonic imaging for SPR = 8, N = 6 test specimen 3.  Yellow/orange 
regions indicate no damage. 

 
Table A10.  Damage in each layer of SPR = 8, N = 6 specimen 3 based on CT scans. 

Lamina Lamina damage 
Interlaminar 

layer Interlaminar damage 

1 

punch-through failure, 

matrix/fiber damage 1 

delamination around 

cracked/punched region 

2 

slight out-of-plane matrix 

damage 2 

delamination around 

cracked/punched region 

3 

slight out-of-plane matrix 

damage 3 

region of delamination about 1.5x 

size of punch 

4 

no damage 

4 

region of delamination about 1.5x 

size of punch 

5 no damage 5 no damage 

6 no damage 

   

A.1.4.2. Specimen 4 

 

Specimen 4 is loaded to 92% of the ultimate failure displacement for this geometry.  Punch-

through (caused by fiber and matrix damage) and delamination are observed in this specimen.  

Ultrasonic imaging (Figure A15) and a description of each lamina/interlaminar region (Table 

A11) follow.  

 

 
 

Figure A15.  Ultrasonic imaging for SPR = 8, N = 6 test specimen 4.  Yellow/orange 
regions indicate no damage. 
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Table A11.  Damage in each layer of SPR = 8, N = 6 specimen 4 based on CT scans. 

Lamina Lamina damage 
Interlaminar 

layer Interlaminar damage 

1 

fiber and matrix damage, 

lamina cracking 1 

delamination around 

cracked/punched region 

2 

matrix damage, lamina cracking 

2 

delamination around 

cracked/punched region 

3 

slight matrix damage and 

lamina cracking 3 

region of delamination about 

1.5x size of punch 

4 

no damage 

4 

region of delamination about 

1.65x size of punch 

5 

some out-of-plane damage to 

matrix/fiber 5 

possible delamination region 

about 2x size of punch 

6 

out-of-plane fiber/matrix failure 

around punch, appears to be 

some indication of fiber pullout 

   

A.1.5. SPR = 8, N = 12 specimens 
 

For convenience, Figure 6 is repeated below (in Figure A16).  Specifically, Specimen 3, 

Specimen 4, and Specimen 5 will be evaluated in this section.  Based on evaluation of these 

samples, the following damage is observed: 

 
 Specimen 3 (loaded until before proportional limit was reached) – ultrasonic imaging indicates a small, 

slightly damaged region around the radius of the indenter; CT scans indicate no damage 

 Specimen 4 (displaced past proportional limit, ultimately to 33 percent of failure displacement) – ultrasonic 

imaging clearly indicates a damaged region slightly larger than twice the radius of the indenter; CT scans 

demonstrate fiber and matrix damage around the indenter in the top lamina and likely delamination from 

the top to two-thirds through the specimen 

 Specimen 5 (displaced to approximately 60 percent of failure displacement for the test geometry) – 

ultrasonic imaging demonstrates a diamond-shaped damaged region slightly larger than Specimen 4; CT 

scans illustrate punch-through failure (fiber/matrix damage) in the first 5 layers of lamina and delamination 

propagating around the indenter through all interlaminar regions of the specimen 
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Figure A16.  Force/displacement curves for SPR = 2, N = 12 test specimens. 

 

A.1.5.1. Specimen 3 

 

Specimen 3 is not loaded past the proportional limit of the force/displacement curve.  CT scans 

show no damage in the specimen; however ultrasonic imaging indicates some damage.  

Ultrasonic imaging (Figure A17) and a description of each lamina/interlaminar region (Table 

A12) follow.  
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Figure A17.  Ultrasonic imaging for SPR = 8, N = 12 test specimen 3.  Yellow/orange 
regions indicate no damage. 

 
Table A12.  Damage in each layer of SPR = 8, N = 12 specimen 3 based on CT scans. 

Lamina Lamina damage 
Interlaminar 

layer Interlaminar damage 

1 no damage 1 no damage 

2 no damage 2 no damage 

3 no damage 3 no damage 

4 no damage 4 no damage 

5 no damage 5 no damage 

6 no damage 6 no damage 

7 no damage 7 no damage 

8 no damage 8 no damage 

9 no damage 9 no damage 

10 no damage 10 no damage 

11 no damage 11 no damage 

12 no damage   

 

A.1.5.2. Specimen 4 

 

Specimen 4 is loaded past the proportional limit, just after the bottom of the “valley” of the 

force/displacement curve.  Out-of-plane matrix/fiber damage, lamina cracking, and delamination 

are observed on this test specimen.  Ultrasonic imaging (Figure A18) and a description of each 

lamina/interlaminar region (Table A13) follow.  
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Figure A18.  Ultrasonic imaging for SPR = 8, N = 12 test specimen 4.  Yellow/orange 
regions indicate no damage. 

 
Table A13.  Damage in each layer of SPR = 8, N = 12 specimen 4 based on CT scans. 

Lamina Lamina damage 
Interlaminar 

layer Interlaminar damage 

1 

out-of-plane matrix/fiber 

damage, matrix/fiber cracking 1 

delamination around 

cracked/punched region 

2 

out-of-plane matrix/fiber 

damage, matrix/fiber cracking 2 

delamination around 

cracked/punched region 

3 

slight out-of-plane matrix 

damage 3 

region of delamination about 1.25x 

size of punch 

4 

no damage 

4 

region of delamination about 1.5x 

size of punch 

5 

no damage 

5 

region of delamination about 2x size 

of punch 

6 

no damage 

6 

region of delamination about 2x size 

of punch 

7 

no damage 

7 

region of delamination about 3x size 

of punch 

8 

no damage 

8 

region of delamination about 2.5x 

size of punch 

9 no damage 9 no damage 

10 no damage 10 no damage 

11 no damage 11 no damage 

12 no damage   
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A.1.5.3. Specimen 5 

 

Specimen 5 is loaded to roughly 60 percent of the maximum displacement for the test geometry 

before ultimate failure occurs.  Out-of-plane matrix/fiber damage, lamina cracking, and 

delamination are observed on this test specimen.  Ultrasonic imaging (Figure A19) and a 

description of each lamina/interlaminar region (Table A14) follow.  

 

 
 

Figure A19.  Ultrasonic imaging for SPR = 8, N = 12 test specimen 5.  Yellow/orange 
regions indicate no damage. 

 
Table A14.  Damage in each layer of SPR = 8, N = 12 specimen 5 based on CT scans. 

Lamina Lamina damage 
Interlaminar 

layer Interlaminar damage 

1 

punch-through around punch 

(matrix/fiber damage), lamina 

cracking 1 

delamination around 

cracked/punched region 

2 

punch-through around punch 

(matrix/fiber damage), lamina 

cracking 2 

delamination around 

cracked/punched region, about 1.4x 

size of punch 

3 

matrix damage, some fiber 

damage possible 3 

region of delamination about 1.5x 

size of punch 

4 

no damage 

4 

region of delamination about 1.5x 

size of punch 

5 

no damage 

5 

region of delamination about 2x size 

of punch, growing region of 

delamination below punch 

6 

no damage 

6 

large region of delamination about 5x 

size of punch 

7 no damage 7 large region of delamination about 7x 
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size of punch 

8 

no damage 

8 

large region of delamination about 7x 

size of punch 

9 

no damage 

9 

possible region of delamination, 

about 5x size of punch 

10 no damage 10 no damage 

11 no damage 11 no damage 

12 no damage   

 

A.1.6. SPR = 8, N = 24 specimens 
 

For convenience, Figure 7 is repeated below (in Figure A20).  Specifically, Specimen 3, 

Specimen 4, Specimen 5, Specimen 6, Specimen 7, and Specimen 8 will be evaluated in this 

section.  Based on evaluation of these samples, the following damage is observed: 

 
 Specimen 3 (loaded until before proportional limit was reached) – ultrasonic imaging shows small region of 

damage around indenter; no damage visible on CT scans 

 Specimen 4 (displaced to past proportional limit, up to 15 percent of ultimate failure displacement) – 

ultrasonic imaging clearly indicates a damaged region four times the radius of the indenter; CT scans 

demonstrate fiber and matrix damage around the indenter in the two to three top lamina, a relatively small 

region of delamination surrounding the indenter, and a larger, cross-shaped region of delamination about 

half way through the depth of the specimen 

 Specimen 5 (displaced to past proportional limit, up to 25 percent of ultimate failure displacement) – 

ultrasonic imaging demonstrates a damaged region six to seven times the radius of the indenter; CT scans 

demonstrate fiber and matrix damage around the indenter in the top two to three lamina and a region of 

delamination surrounding the indenter evolving into a larger, cross-shaped region of delamination about 

half way through the depth of the specimen  

 Specimen 6 (displaced to past proportional limit, up to 40 percent of ultimate failure displacement) – 

ultrasonic imaging demonstrates a circular damaged region six times the radius of the indenter; CT scans 

demonstrate fiber and matrix damage around the indenter in the top four lamina, lamina cracking, and a 

region of delamination surrounding the indenter evolving into a larger region of delamination (6x indenter 

radius) about half way through the depth of the specimen 

 Specimen 7 (displaced to past proportional limit, up to 45 percent of ultimate failure displacement) – 

ultrasonic imaging demonstrates a damaged region seven times the radius of the indenter; CT scans 

demonstrate fiber and matrix damage around the indenter in the top four lamina, lamina cracking, and a 

region of delamination surrounding the indenter evolving into a larger, cross-shaped region of delamination 

about half way through the depth of the specimen and finally a large, circular region of delamination 

toward the bottom of the specimen 

 Specimen 8 (displaced to past proportional limit, up to 75 percent of ultimate failure displacement) – 

ultrasonic imaging demonstrates a circular, damaged region seven times the radius of the indenter; CT 

scans demonstrate fiber and matrix around the indenter in the top four lamina, lamina cracking, and a 

region of delamination surrounding the indenter evolving into a larger, cross-shaped region of delamination 

about half way through the depth of the specimen and finally a large, circular region of delamination 

toward the bottom of the specimen 
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Figure A20.  Force/displacement curves for SPR = 8, N = 24 test specimens. 

 

A.1.6.1. Specimen 3 

 

Specimen 3 is loaded to before the proportional limit for this geometry.  No damage is observed 

on this test specimen in the CT scans, though ultrasonic imaging indicates some damage around 

the indenter.  Ultrasonic imaging (Figure A21) and a description of each lamina/interlaminar 

region (Table A15) follow.  
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Figure A21.  Ultrasonic imaging for SPR = 8, N = 24 test specimen 3.  Yellow/orange 
regions indicate no damage. 

 
Table A15.  Damage in each layer of SPR = 8, N = 24 specimen 3 based on CT scans. 

Lamina Lamina damage 
Interlaminar 

layer Interlaminar damage 

1 no damage 1 no damage 

2 no damage 2 no damage 

3 no damage 3 no damage 

4 no damage 4 no damage 

5 no damage 5 no damage 

6 no damage 6 no damage 

7 no damage 7 no damage 

8 no damage 8 no damage 

9 no damage 9 no damage 

10 no damage 10 no damage 

11 no damage 11 no damage 

12 no damage 12 no damage 

13 no damage 13 no damage 

14 no damage 14 no damage 

15 no damage 15 no damage 

16 no damage 16 no damage 

17 no damage 17 no damage 

18 no damage 18 no damage 

19 no damage 19 no damage 

20 no damage 20 no damage 
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21 no damage 21 no damage 

22 no damage 22 no damage 

23 no damage 23 no damage 

24 no damage   

 

A.1.6.2. Specimen 4 

 

Specimen 4 is loaded past the proportional limit, to 15 percent the ultimate failure displacement 

of the test specimen.  Punch-through failure (matrix/fiber damage) in the top two lamina and 

delamination are observed on this test specimen.  Ultrasonic imaging (Figure A22) and a 

description of each lamina/interlaminar region (Table A16) follow.  

 

 
 

Figure A22.  Ultrasonic imaging for SPR = 8, N = 24 test specimen 4.  Yellow/orange 
regions indicate no damage. 

 
Table A16.  Damage in each layer of SPR = 8, N = 24 specimen 4 based on CT scans. 

Lamina Lamina damage 
Interlaminar 

layer Interlaminar damage 

1 

matrix/fiber damage around 

punch 1 

delamination immediately around 

punch radius 

2 

matrix/fiber damage around 

punch 2 

region of delamination about 1.2x 

radius of punch 

3 

possible matrix/fiber 

damage 3 

region of delamination about 1.3x 

radius of punch 

4 

no damage 

4 

region of delamination about 1.3x 

radius of punch 

5 

no damage 

5 

region of delamination about 1.4x 

radius of punch 

6 no damage 6 region of delamination about 1.4x 
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radius of punch 

7 

no damage 

7 

region of delamination about 1.7x 

radius of punch 

8 

no damage 

8 

region of delamination about 1.7x 

radius of punch 

9 

no damage 

9 

possible region of delamination 

about 1.7x radius of punch 

10 no damage 10 no damage 

11 

no damage 

11 

possible cross-shaped region of 

delamination about 3x radius of 

punch 

12 

no damage 

12 

possible cross-shaped region of 

delamination about 3x radius of 

punch 

13 

no damage 

13 

possible cross-shaped region of 

delamination about 3x radius of 

punch 

14 no damage 14 no damage 

15 no damage 15 no damage 

16 no damage 16 no damage 

17 no damage 17 no damage 

18 no damage 18 no damage 

19 no damage 19 no damage 

20 no damage 20 no damage 

21 no damage 21 no damage 

22 no damage 22 no damage 

23 no damage 23 no damage 

24 no damage   

 

A.1.6.3. Specimen 5 

 

Specimen 5 is loaded past the proportional limit, to 25 percent the ultimate failure displacement 

of the test specimen.  Punch-through failure (matrix/fiber damage) in the top three lamina, 

lamina cracking, and delamination are observed on this test specimen.  Ultrasonic imaging 

(Figure A23) and a description of each lamina/interlaminar region (Table A17) follow. 
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Figure A23.  Ultrasonic imaging for SPR = 8, N = 24 test specimen 5.  Yellow/orange 
regions indicate no damage. 

 
Table A17.  Damage in each layer of SPR = 8, N = 24 specimen 5 based on CT scans. 

 

Lamina Lamina damage 
Interlaminar 

layer Interlaminar damage 

1 

matrix/fiber damage 

around punch, lamina 

cracking 1 

delamination immediately around 

punch radius 

2 

matrix/fiber damage 

around punch, lamina 

cracking 2 

region of delamination about 1.5x 

radius of punch 

3 

possible matrix/fiber 

damage 3 

region of delamination about 1.7x 

radius of punch 

4 

no damage 

4 

region of delamination about 2x 

radius of punch 

5 

no damage 

5 

region of delamination about 2x 

radius of punch 

6 

no damage 

6 

region of delamination about 2.1x 

radius of punch 

7 

no damage 

7 

region of delamination about 2.5x 

radius of punch 

8 

no damage 

8 

region of delamination up to about 

3x radius of punch 

9 

no damage 

9 

region of delamination up to about 

3x radius of punch 

10 

no damage 

10 

region of delamination up to about 

3.5x radius of punch 

11 no damage 11 cross-shaped region of delamination 
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about 5x radius of punch 

12 

no damage 

12 

cross-shaped region of delamination 

about 7x radius of punch 

13 

no damage 

13 

cross-shaped region of delamination 

about 7x radius of punch 

14 

no damage 

14 

cross-shaped region of delamination 

about 7x radius of punch 

15 

no damage 

15 

possible cross-shaped region of 

delamination about 7x radius of 

punch 

16 

no damage 

16 

possible cross-shaped region of 

delamination about 7x radius of 

punch 

17 

no damage 

17 

possible region of delamination 

about 7x radius of punch 

18 

no damage 

18 

possible region of delamination 

about 7x radius of punch 

19 no damage 19 no damage 

20 no damage 20 no damage 

21 no damage 21 no damage 

22 no damage 22 no damage 

23 no damage 23 no damage 

24 no damage   

 

A.1.6.4. Specimen 6 

 

Specimen 6 is loaded past the proportional limit, to 40 percent the ultimate failure displacement 

of the test specimen.  Punch-through failure (matrix/fiber damage) in the top three lamina, 

lamina cracking, and delamination are observed on this test specimen.  Ultrasonic imaging 

(Figure A24) and a description of each lamina/interlaminar region (Table A18) follow. 
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Figure A24.  Ultrasonic imaging for SPR = 8, N = 24 test specimen 6.  Yellow/orange 
regions indicate no damage. 

 
Table A18.  Damage in each layer of SPR = 8, N = 24 specimen 6 based on CT scans. 

 

Lamina Lamina damage 
Interlaminar 

layer Interlaminar damage 

1 

matrix/fiber damage 

around punch, lamina 

cracking 2x punch radius 1 

delamination immediately around 

punch radius 

2 

matrix/fiber damage 

around punch, lamina 

cracking 2.5x punch radius 2 

region of delamination about 3x 

radius of punch 

3 

matrix/fiber damage 

around punch, lamina 

cracking 2.5x punch radius 3 

region of delamination about 3x 

radius of punch 

4 

slight matrix damage 

4 

region of delamination about 3.2x 

radius of punch 

5 

no damage 

5 

region of delamination about 3.2x 

radius of punch 

6 

no damage 

6 

region of delamination about 3.5x 

radius of punch 

7 

no damage 

7 

region of delamination about 3.5x 

radius of punch 

8 

no damage 

8 

region of delamination about 3.7x 

radius of punch 

9 

no damage 

9 

region of delamination about 4x 

radius of punch 

10 

no damage 

10 

region of delamination about 4.2x 

radius of punch 
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11 

no damage 

11 

region of delamination about 4.5x 

radius of punch 

12 

no damage 

12 

region of delamination up to about 

5x radius of punch 

13 

no damage 

13 

region of delamination up to about 

5x radius of punch 

14 

no damage 

14 

cross-shaped region of 

delamination about 5x radius of 

punch 

15 

no damage 

15 

cross-shaped region of 

delamination about 6x radius of 

punch 

16 

no damage 

16 

region of delamination about 6x 

radius of punch 

17 

no damage 

17 

possible region of delamination 

about 6x radius of punch 

18 

no damage 

18 

possible region of delamination 

about 6x radius of punch 

19 

no damage 

19 

region of delamination about 6x 

radius of punch 

20 

no damage 

20 

region of delamination about 6x 

radius of punch 

21 

no damage 

21 

possible region of delamination 

about 6x radius of punch 

22 no damage 22 no damage 

23 no damage 23 no damage 

24 no damage   

 

A.1.6.5. Specimen 7 

 

Specimen 7 is loaded past the proportional limit, to 45 percent the ultimate failure displacement 

of the test specimen.  Punch-through failure (matrix/fiber damage) in the top three lamina, 

lamina cracking, and delamination are observed on this test specimen.  Ultrasonic imaging 

(Figure A25) and a description of each lamina/interlaminar region (Table A19) follow. 
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Figure A25.  Ultrasonic imaging for SPR = 8, N = 24 test specimen 7.  Yellow/orange 
regions indicate no damage. 

 
Table A19.  Damage in each layer of SPR = 8, N = 24 specimen 7 based on CT scans. 

 

Lamina Lamina damage 
Interlaminar 

layer Interlaminar damage 

1 

fiber/matrix damage 

around punch, lamina 

cracking 2x punch radius 1 

region of delamination about 1.5x 

radius of punch 

2 

fiber/matrix damage 

around punch, lamina 

cracking 3x punch radius 2 

region of delamination about 2.5x 

radius of punch 

3 

fiber/matrix damage 

around punch, lamina 

cracking 3x punch radius 3 

region of delamination about 3x 

radius of punch 

4 

slight out-of-plane fiber 

crushing 4 

region of delamination about 3x 

radius of punch 

5 

no damage 

5 

region of delamination about 3.2x 

radius of punch 

6 

no damage 

6 

region of delamination about 3.5x 

radius of punch 

7 

no damage 

7 

region of delamination about 3.5x 

radius of punch 

8 

no damage 

8 

region of delamination about 4x 

radius of punch 

9 

no damage 

9 

region of delamination about 4x 

radius of punch 

10 

no damage 

10 

region of delamination about 4.2x 

radius of punch 
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11 

no damage 

11 

cross-shaped region of delamination 

about 8x radius of punch 

12 

no damage 

12 

cross-shaped region of delamination 

about 8x radius of punch 

13 

no damage 

13 

cross-shaped region of delamination 

about 8x radius of punch 

14 

no damage 

14 

cross-shaped region of delamination 

about 8x radius of punch 

15 

no damage 

15 

cross-shaped region of delamination 

about 8x radius of punch 

16 

no damage 

16 

region of delamination about 8x 

radius of punch 

17 

no damage 

17 

possible region of delamination 

about 5x radius of punch 

18 

no damage 

18 

possible region of delamination 

about 6x radius of punch 

19 

no damage 

19 

region of delamination about 5.5x 

radius of punch 

20 

no damage 

20 

region of delamination about 6x 

radius of punch 

21 

no damage 

21 

possible region of delamination 

about 5x radius of punch 

22 no damage 22 no damage 

23 no damage 23 no damage 

24 no damage   

 

A.1.6.3. Specimen 8 

 

Specimen 8 is loaded past the proportional limit, to 75 percent the ultimate failure displacement 

of the test specimen.  Punch-through failure (matrix/fiber damage) in the top three lamina, 

lamina cracking, and delamination are observed on this test specimen.  Ultrasonic imaging 

(Figure A26) and a description of each lamina/interlaminar region (Table A20) follow. 
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Figure A26.  Ultrasonic imaging for SPR = 8, N = 24 test specimen 8.  Yellow/orange 
regions indicate no damage. 

 
Table A20.  Damage in each layer of SPR = 8, N = 24 specimen 8 based on CT scans. 

 

Lamina Lamina damage 
Interlaminar 

layer Interlaminar damage 

1 

punch-through failure 

(matrix/fiber damage) 

around punch, lamina 

cracking 5.5x punch radius 1 

region of delamination about 1.2x 

radius of punch 

2 

punch-through failure 

(matrix/fiber damage)  

around punch, lamina 

cracking 6x punch radius 2 

region of delamination about 2.5x 

radius of punch 

3 

punch-through failure  

(matrix/fiber damage) 

around punch, lamina 

cracking 6x punch radius 3 

diamond shaped region of 

delamination about 3x radius of 

punch 

4 

slight out-of-plane matrix 

damage 4 

region of delamination about 4x 

radius of punch 

5 

no damage 

5 

region of delamination up to about 

4.5x radius of punch 

6 

no damage 

6 

region of delamination up to about 

6.5x radius of punch 

7 

no damage 

7 

region of delamination about 6.5x 

radius of punch 

8 

no damage 

8 

region of delamination about 7x 

radius of punch 

9 no damage 9 region of delamination about 7x 
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radius of punch 

10 

no damage 

10 

region of delamination about 7x 

radius of punch 

11 

no damage 

11 

cross-shaped region of 

delamination about 8x radius of 

punch 

12 

no damage 

12 

cross-shaped region of 

delamination about 8x radius of 

punch 

13 

no damage 

13 

cross-shaped region of 

delamination about 8x radius of 

punch 

14 

no damage 

14 

cross-shaped region of 

delamination about 8x radius of 

punch 

15 

no damage 

15 

cross-shaped region of 

delamination about 8x radius of 

punch 

16 

no damage 

16 

cross-shaped region of 

delamination about 8x radius of 

punch 

17 

no damage 

17 

region of delamination about 7x 

radius of punch 

18 

no damage 

18 

region of delamination about 7x 

radius of punch 

19 

no damage 

19 

region of delamination about 7x 

radius of punch 

20 

no damage 

20 

region of delamination about 6x 

radius of punch 

21 no damage 21 no damage 

22 no damage 22 no damage 

23 no damage 23 no damage 

24 no damage   
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A.2. Example CT images 
 

In this section, images of each of the types of damage observed in CT scans are presented.  

Lamina punch-through failure and lamina cracking are presented in Figure A27.  Out-of-plane 

fiber crushing is presented in Figure A28 and delamination is presented in Figure A29. 

 

 
 

Figure A27.  CT scan of out-of-plane lamina punch-through and lamina cracking. 

 

 
 

Figure A28.  CT scan of out-of-plane fiber crushing (without punch-through). 
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Figure A29.  CT scan of delamination (out-of-plane and in-plane scans). 

 

 

A.3. Observations and Trends 
 

This section presents general observations and trends observed in test results. 

 
 Ultimate failure displacement is only weakly correlated to number of total layers of lamina.  The span-to-

punch ratio has a much larger effect on the overall displacement of the specimen at ultimate failure. 

 In the SPR = 8, N = 24 geometry, a cross-like region of delamination is observed roughly half way through 

the thickness in the majority of test specimens.  This feature is exclusive to this test geometry and the 

prominence of this feature varies from test to test.  Tests where the cross-shaped region is prominent 

contained a second notable “drop” in force in the force/displacement curve.  While there are plausible 

explanations for what is observed, it is unclear what the cause of this phenomena is. 
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